Food Structure
Volume 1

Number 2

1982

Food Microstructure

Follow this and additional works at: https://digitalcommons.usu.edu/foodmicrostructure

Recommended Citation
(1982) "Food Microstructure," Food Structure: Vol. 1 : No. 2 , Article 1.
Available at: https://digitalcommons.usu.edu/foodmicrostructure/vol1/iss2/1

This Article is brought to you for free and open access by
the Western Dairy Center at DigitalCommons@USU. It
has been accepted for inclusion in Food Structure by an
authorized administrator of DigitalCommons@USU. For
more information, please contact
digitalcommons@usu.edu.

Article 1

ISSN 0730-5419
CODEN - FMICDK

Vol. 1, No.2, 1982

An
International Journal
on the
Microstructure and Microanalysis
of
Foods, Feeds and their Ingredients

Published semiannually by
Scanning Electron Microscopy, Inc.
AMF O'Hare (Chicago), IL 60666
U.S.A.

FOOD MICROSTRUCTURE
An International Journal on the Microstructure and Microanalysis
of Foods, Feeds and their Ingredients
EDITORS
M. Kalab, Food Research Institute, Agriculture Canada, Ottawa, Ontario, Canada K1A OC6
(613-995-3700 X 272)
S.H. Cohen, Science and Advanced Technol. Lab. , U.S. Army Natick R&D Labs, Natick, MA,
01760 USA (617-651-4578)
E.A. Davis, Dept. of Food Science & Nutri tion, Univ. of Minnesota, St. Paul , MN 55108 USA
(612-373-1 158)
D.N. Holcomb, Kraft Inc., R&D, 801 Waukegan Rd., Glenview, IL 60025 USA (312-998-3724)

MANAGING EDITOR

ASSOCIATE EDITOR

Om Johari, SEM Inc. (312-529-6677)

Sudha A . Bhatt, SEM Inc.

PUBLISHER: Scanning Electron Microscopy Inc., P.O . Box 66507, AMF O'Hare (Chicago), IL 60666 USA
EDITORIAL BOARD
W. Buchheim, Bundesanst. Milchforsch., Kiel, W. Germany
R.J . Carroll, Eastern Reg. Res. Ctr., USDA, Ph ilade lphia, PA
V.E. Colombo, Hoffmann-La Roche & Co, Basle, Switzerland
C.L. Davey, Meat Ind. Res. lnst., Hamilton, New Zealand
R.G. Fulcher, Agriculture Canada, Ottawa, Canada
D.J. Gallant, Ministry of Agriculture, Nantes, France
H.D. Geissinger, Univ. of Guelph, Ontario, Canada
A.M. Hermansson, The Swedish Food lnst., Goteborg, Sweden
R. Moss, Bread Res. lnst., North Ryde, Australia
Y. Pomeranz, U.S. Grain Marketing Res. Ctr., Manhattan, KS
J.S. Pruthi , Krishma Consultants, Ludhiana, India
M.W. Ruegg, Fed. Dairy Res. lnst., Liebefeld-Berne, Switzerland
K. Saio, National Food Res. lnst., lbaraki, Japan
M.V. Taranto, ITT Continental Baking Co., Rye, NY
M.A. Tung, Univ. of British Columbia, Vancouver, Canada
E. Varriano-Marston , Univ. of Pennsylvania, Philadelph ia, PA
J.G. Vaughan, Queen Elizabeth College, London, U.K.
C.A. Voyle, Meat Research lnst., Bristol, U.K.
W.J. Wolf, USDA Northern Reg . Res. Lab., Peoria, IL

Annual Subscription Rates for 1982 & 1983 each:

u.s. $50.00 (U.S. delivery)

(Including postage and handling)

U.S. $55.00 (elsewhere)

Business Communications:
Address all communications regarding subscriptions, change of address, etc. to Dr. Om Johari at SEM Inc.

Editorial Correspondence and Inquiries:
Submit papers (see instructions to authors, inside back cover), news items, books for rev iew, etc. to one of the
editors or to SEM Inc.

Copyright ~ 1982 Scanning Electron Microscopy, Inc., except for contributions in the public domain. All rights
reserved. See Page 254.

FOOD MICROSTRUCTURE, Vo l. I (1982), pp. 107-124
SEM Inc., AMF O'Hare (Chicago), IL 60666 U.S.A.

GRAIN STRUCTURE AND END-USE PROPERTIES
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66502, USA

Abstract

Introduction

Practi cal implicati ons o ~ grain structure
relate to every step from grain development and
production through market ing to processing, util ization, and consumption . The struct ure and adherence
of the hulls may contribute to protection of grain
during germination or malting and protection against
insect infestations . Germ retention during t hreshi ng and separation during processing depend on the
germ structure and location in the ke rnel. The
subal eurone and central endosperm layers differ in
cel l s i ze , shape, and structure and in composition,
especially with regard to protein contents and
quality. The mai n factors in grai n hardness are the
intri nsic hardness of t he main components , the
strength of i nteraction within t he cel l, and the
interaction of i ndividual cell s to produce overall
grain structure .
Endosperm struct ure and hardness i s related to
wheat conditioning, to breakage in milltng, and to
the structure and composition of the mi l led flour
particles. Milling qual ity is governed by morphologi cal characteristics of t he wheat kernel and its
mechano-phys ical properties and by the methods of
grinding and separation . Reducing changes in
texture and structure during drying of maize and
rice are important in minimi zing breakage du ring
handling, storage , and transportation, dust forma tion, and infestation. Differences in gra in
structure are expressed in differences i n composition, gradients of components in grain tissues,
and end-u se properties . Those differences have
important nutriti onal impli cations . New microscopic methods to determi ne grai n structure, compositi on, and end-use properties have the potenti al
of contributing to improved nutritional quality
and utili zation of cereals by modifying-restructuring grain morphology t hrough classi cal plant
breeding and geneti c engi neering.
Initial paper received April 10, 1982.
Fina l manuscri pt received September 16, 1982.
Direct inquiries to Y. Pomeranz .
Te l ephone number: 913-539-9141 .
KEY WORDS: Grain Structure , Cerea l Endosperm ,
Al euro ne Layer , Hull and Bran Layers, Germ , Grai n
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Grain structure is an expression of grain
composition as it refl ect s properti es from the
standpoi nt of plant physiology. The pl ant does
not synthesize or incorporate components into
structures unless they have a specific functi on in
preservati on or propagation of the species.
Cereal chemis t s and technologists, on the other
hand, are interes ted in another set of properties
-- the function the grain or its fractions can perform in the production of nutriti ous foods , that
have good shelf life, and are acceptabl e t o the
consumer.
Thus, in a way, grain structure forms the
link between compos i t ion that i s the source ofour
basic knowledge of bi ol ogical systems and util ization of those components in food production .
For optimum utili zatirin of cereal grains, knowledge of t hei r structures and compositions is
req uired. The practical impl ica ti ons of kernel
s tructure are numerous. They relate t o the various steps of grain producti on, harvest, storage,
marketing, and utilizati on. Some of t he impli cati ons are li sted in Table 1. Discussed here, in
det ail, are primari ly studies that deal with wheat
and barley. Other cereal grains are reviewed
bri efly.
Kernel Structure- General
The cereal grai n is a one-seeded fruitcalled
a caryops i s, i n which t he fru it coat i s ad herent
to the seed. As the fruit ripens, the pericarp
(fruit wall) becomes firmly att ached to the wall
of the seed proper. The pericarp, seed coats,
nucellus, and al eurone cell s form the bran. The
embryo occupi es only a small part of the seed .
The bulk of t he seed i s taken up by the endosperm ,
which constitut es a food reservo ir.
The floral envelopes (modified l eaves known
as l emma and palea), or chaffy parts , within
which the caryopsis develops, persist to maturity
in t he grass family (MacMasters, 1962). If the
chaffy s t ructures envelope the caryops i s so
cl osely t hat t hey remai n attached t o it when the
grain is threshed (as in rice and most varieti es
of oats and barl ey), the grain i s considered to be
covered . However, if the caryopsi s readily
separates from the flora l envel opes on thresh ing,
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Table 1.
Significance in

Some Implications of Kernel Structure
Commodity

Effect

Parameter

Threshing

Germ damage or
skinning

Reduced germinabi 1i ty, impaired
storabil ity

All cereal grains

Drying

Cracks, fissures, and
breakage; hardening

Reduced commercial
value; lowered grade,
impaired storability,
dust formation,reduced starch y~eld

Mainly corn and
rice

Discoloration

Reduced commercial
value, lowered grade

~1ai

r~arketing

Breakage

Reduced commercial
value in food
processing

Mainly corn and
rice

General use

High husk: caryopsis
ratio or high pericarp:
endosperm ratio

Reduced nutritional
value--as food or
feed

All cereal grains

General use

Kernel shape and dimensions,proportions of
tissues in the kernel,
distribution of nutrients in the tissues

Yield of food products; nutritional
value of cereal (or
cereal products) as
food or feed

All cereal grains

Malting

Germ damage, skinning,
or inadequate husk
adherence

Reduced germinability,
uneven malting

t~ai

Milling

Uneven surface, deep
crease or uneven aleurone

Reduced milling
yield

Ma.i nly wheat and
rice

Milling

Steely te xture

Increased power requirements, starch
damage, high water
absorption, diffic u1ty i n a i rclassification

Wheat and malt
milling

Germination-Malting

Starch granule size

Uneven degradation

All cereal grains

ConsumptionNutrition

Distribution and composition of protein

Change in nutritional
value

All cereal grains

as with common wheats, rye, hull-less barleys,
and the common varieties of corn, the grain is
considered to be naked.
The structure of the wheat kernel is shown in
Fig. 1. The dorsal side of the wheat grain is
rounded, while the ventral side has a deep groove
or crease along the entire longitudinal axis. At
the apex or small end (stigmatic end) of the grain
is a cluster of short, fine hairs known as brush
hairs. The pericarp, or dry fruit coat, consists
of four layers: the epidermis, hypodermis, cross
cells, and tube cells. The remaining tissues of
the grain are the inner bran (seed coat and
nucellar tissue), endosperm, and embryo (germ).
The aleurone layer consists of large rectangular,
heavy-walled, cells. Botanically, the aleurone is
the outer layer of the endosperm, but as it tends

nly rice

nly barley

to remain attached to the outer coats during
wheat milling, it is considered by millers as the
innermost bran layer.
The embryonic axis consists of the plumule
and radicle, which are connected by the mesocotyl.
The scutellum serves as an organ for food storage. The outer layer of the scutellum, the
epithelium, may function either as a secretory or
as an absorption organ. In a well-filled wheat
kernel, the germ comprises about 2-3% of the
kernel, the bran 13-17 %, and the starchy endosperm
the remainder. The inner bran layer (the aleurone)
is high in protein, fat, and minerals, whereas,
the outer bran layers (pericarp, seed coats and
nucellus) are high in cellulose, hemicelluloses,
and minerals. The germ is high in proteins,
lipids, sugars (chiefly sucrose), and minerals;
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certain floral envelopes. In light thin oats,
hulls may comprise as much as 45% of the grain;
in very heavy or plump oats, they may represent
only 20%. The hull normally makes up ~30 % of the
grain.
Rice is a covered cereal; in the threshed
grain (or rough rice), the kernel is enclosed in
a tough siliceous hull, which renders it unsuitable for human consumption. When this hull is
removed during milling, the kernel (or caryopsis),
comprised of the pericarp (outer bran) and the
seed proper (inner bran, endosperm, and germ), is
known as brown rice or sometimes as unpolished
rice. Brown rice is in little demand as a food.
Unless stored under very favorable conditions, it
tends to become rancid and is more subject to
insect infestation than the various forms of
milled white rice. When brown rice is subjected
to further milling processes, the bran and germ
are removed and the purified endosperms are marketed as white rice or polished rice.

Endosperm

it\~1~,~;~~~~~-- ~t~~:~~~~~a':i:l:s
in Protein

Matr-ix
Cellulose Walls
of Cells

f',j_~rfR1fpJfiTi~~~ ~~~:2;..:,~?.~~~7 endosperm
~~~~~or;a;;~~.
b~o~t

£l

separated
with bran)
Nucellar Tiuue

Hull and Bran Layers

Seed Coat
(Testa)

The structure and adherence of the hull are
important in protecting the germinating grain and
in the malting process. One reason that barley
is uniquely suited for malting is that a cementing layer is present between the hull and the
caryopsis. The hull restricts excessive seedling
growth without adversely affecting the desirable
enzymic degradation of insoluble high molecular
weight materials. The adhering hull also protects
the seedling from mechanical damage during turning of the malt, and provides a filtration bed
during the extraction of soluble malt components
in the mashing process.
The hull, as such or as a result of the high
concentration of silica, can slow the attack of
storage insects on rice and barley. The palea
and lemma in barley are held together by two hooklike structures (Fig. 2 a & b). In rice, the
ability of these structures to hold the palea and
lemma together without gaps is probably variety
dependent. Varieties of rice that had many gaps
and separations had greater insect infestations
than did varieties with tight husks.
Apparently the bran (pericarp, seed coats,
nucellus and aleurone) affords little protection
against insect infestations, because more insects
consistently develop in brown rice than in either
rough rice or milled rice. Lack of resistance to
infestation is probably due to the thinness of
the bran, which allows easy insect penetration,
and to the large quantities of lipid and protein
present in the aleurone which provide nourishment
to the insects.
The outer pericarp layers of wheat (epidermis and hypodermis) have no intercellular spaces
and are composed of closely adhering, thickwalled cells. The inner layers of the pericarp,
on the other hand, consist of thinner-walled
cells and often contain intercellular spaces,
through which water can move rapidly and in which
molds are commonly found. Similarly, molds can
enter through the large intercellular spaces at
the base of the kernel where the grain was detached from the plant at harvest and where there

Cross Cells
Hypodermis
Epid e rmis

Scutellum
Sheath of Shoot

Rudim e ntary

Shoot

~~----

Root Sheath
Root Cap

Fig. 1. Longitudinal section of a wheat kernel
enlarged approximately 35 times.
the starchy endosperm consists largely of starch
grains surrounded by protein.
Grains of other cereals are similar in structure to wheat. The corn grain is the largest of
all cereals. The kernel is flattened, wedgeshaped, and broader at the apex than at its
attachment to the cob. The aleurone cells contain much protein and oil and also contain the
pigments that make certain varieties appear blue,
black, or purple. Two types of starchy endosperms-horny and floury-are found beneath the
aleurone layer (r·1acMasters, 1962). The horny
endosperm is harder and contains a higher level
of protein. In dent corn varieties, the horny
endosperm is found on the sides and back of the
kernel and bulges in toward the center at the
sides. The floury endosperm fills the crown
(upper part) of the kernel, extends downward to
surround the germ, and shrinks as corn matures.
In a typical dent corn, the pericarp comprises 6%, the germ 11 %, and the endosperm 83 % of
the kernel. Flint corn varieties contain more
horny than floury endosperm.
The common varieties of oats have the fruit
(caryopsis) enveloped by a hull composed of
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Fig. 2. Scanning Electron
micrograph (SEM) transsection through the palea(PA),
lemma(LE), and caryopsis(CA
of a) barley and b) rice
(100 ~m markers) .

epithelium from the starchy endosperm provides a
line of easy fracture; hence the germ can be
removed intact with minimum effort.
Germ separation is also facilitated by the
fact that the germ takes up water faster and
swells more readily than the endosperm. The
strains resulting from differential swelling C01tribute to easy separation in milling.

is no protective epidermis.
An intact grain stores much better than a
damaged or ground grain; deteriorative changes
(i.e . , rancidity, off-flavors, etc.) occur slowly
in the whole grain but quite rapidly in ground
grain. The hull, apparently, prevents rancidity
by protecting the bran layers from mechanical
damage during harvesting and subsequent handling.
Once rough rice is dehulled, it rapidly becomes rancid, primarily because of the oxidation
of free fatty acids released by the action of
lipase. The lipids and lipase are normally
compartmentalized in the aleurone and germ cells.
Cell disruption may cause mixing of the cellular
constituents. Possibly, the dehulling process
and subsequent handling of dehulled rice disrupt
the aleurone cells and allow the rice to become
rancid. The hull, therefore, appears to be necessary to prevent cell disruption during harvesting,
storage, and handling.

The Subaleurone Layer
The uniqueness of the subaleurone layer in
wheat was studied intensively by Kent and coworkers. The subaleurone endosperm in wheat consists of a region of distinctive starchy endosperm cells, one or more layers deep, adjacent to
the aleurone cells on the outside and to the inner
endosperm on the inside. In hard wheats, the
subaleurone layer forms a fairly complete shell
around the inner endosperm (except in the regions
of the scutellar epithelium and the base of the
crease) . In soft wheats, the shell is often
discontinuous and at the points of discontinuity
endosperm cells with typical inner endosperm
characteristics extend out to the aleurone layer
(Kent, 1966). The two types of endosperm (subaleurone and inner) differ in cell size and
shape, size and abundance of starch granules, and
proportion of protein. Subaleurone endosperm
cells are generally small and cubical; those of
the inner endosperm are larger and either needleshaped (prismatic) of polyhedral (central
endosperm).
The ratio of gluten to water soluble proteins is higher in the subaleurone than in the
central endosperm layer (Simmonds, 1971). The
distribution of starch granules also shows marked
differences in different areas of the endosperm.
In the subaleurone cells, the starch granules are
intermediate in size with relatively few small or
secondary granules. In contrast, the midendosperm cells are packed with large primary
and small secondary granules with the storage
protein forming a thin matrix between them.
The differences in structure and composition
of various starchy endosperm layers have significant implications in milling. Stock from the
first break rolls consists of a coarse fraction,
semolina, derived primarily from the center of

The Germ
The site of the germ in the kernel and the
extent to which the germ is protected by adjacent
layers determine whether it will be retained intact during threshing and, thus, the usefulness
of the grain for seeding or malting. The ease
with which the germ is removed from the caryopsis
during milling depends on several factors.
The germ is a separate structure and generally can be easily separated from the rest of the
cereal grain. However, the scutellar epithelium
(located next to the endosperm) has fingerlike
cells, which in wheat are attached to one another
for about one-third of their length. The free
ends protrude toward the adjacent starchy endosperm cells. The protruding epithelial cells may
secrete an amorphous cementing material between
germ and endosperm. If some of this material
projects into the spaces between the fingerlike
cells of the scutellar epithelium and into the
folds of the scutellar structure, it may be difficult to separate the germ from the endosperm
unless the cementing material is softened. The
softening may be accomplished by steeping, as in
corn wet milling, or by conditioning, as in
wheat milling (Mac~lasters, 1962). In rice, a
layer of crushed cells separating the scutellar
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pulverized in a pin mill, in which the particles
are fragmented instantaneously, the particles are
brittle, and fragmentation increases as moisture
content at the moment of grinding is reduced
(Kent, 1969). It seems probable that the protein,
rather than the endosperm cell walls (which are
flimsy and weak) or the starch granules (which
remain intact during fragmentation of the endosperm), is responsible for the phenomena of
brittleness and plasticity; the protein is thus
important as a structural element in the endosperm cell, governing the manner in which the
endosperm becomes fragmented during milling (Ken~
1969). Barlow et al. (1973) found no varietal
differences in thelhardness of storage protein
fragments and starch granules. This led Simmonds
et al. (1973) to postulate that differences in
wheat hardness are due to the presence of a
cementing agent between starch and protein. It
was suggested that a layer around starch granules
was responsible for adhesion and that this was
the basis for differences in wheat hardness.
According to Stenvert and Kingswood (1977),
hmvever, it is not necessary to invoke an adhesion
theory for wheat hardness even if the protein
fragments and starch granules from different
varieties are of equal hardness. If the protein
matrix, as a whole, is not continuous a considerably weakened endosperm structure would result .
The extent to which the endosperm structure is
ordered could determine hardness. This would depend primarily on the state of the protein matrix
which functions as the connecting matter within
mature endosperm cells. A continuous protein
matrix physically entrapping the starch granules
would make difficult separating the starch granules from the protein matri x--as is characteristic
in hard wheats. A discontinuous matri x structure
would allow the ready release of starch granules
as found with soft wheats.
Stenvert and Kingswood (1977) studied the
influence of a range of factors on wheat hardness
with particular reference to the physical structure of the endosperm protein matri x. Differences in hardness involved the continuity of the
protein matrix and the strength with which it
physically entrapped starch granules. The primary
determinant of wheat hardness is genetically
controlled and relates to factors that influence
compactness of endosperm cell components .
Relation between physical structure and some
chemical constituents and milling performance of
bread and feed wheats were studied by Nierle and
Elbaya (1978). Vitreous kernels of varieties
Jubilar and Caribo were higher in protein content,
sedimentation value, and wet gluten content than
mealy grains. The ratio of soluble protein content to the total protein content and of gliadin
to glutenin in vitreous kernels was lower than in
mealy grains. Electrophoretic and gel chromatographic studies suggested higher hydrogen bonding
forces between protein molecules of vitreous than
of mealy kernels. Non starch lipids were more
extractable in mealy kernels, presumably, because
of the less compact nature of the protein matrix.
Mealy grains produced higher amounts of break
flour with lower mineral content than vitreous
kernels. It is questionable, however, whether
the reported differences are related to kernel

the endosperm (Simmonds, 1971, 1972) . On further
grinding this yields, especially from high protein
wheats, a first reduction flour of high starch
content. Subsequent milling of the overtailings
from the first break removes flour endosperm cells
progressively closer to the aleurone layer, and
the final break rolls yield a product of high protein content. The reason is the high protein
content of the subaleurone layer. Subaleurone
and inner endosperm in the coarse (over 35 ~ m)
air-classified fractions of flour milled from hard
red winter wheat had average protein contents of
about 45 and 11%, respectively. Cells of subaleurone endosperm were reduced to particles below
35 ~ m size less readily than were cells of inner
endosperm. Consequently, subaleurone endosperm
cells concentrated in the coarse air-classified
fractions and raised the protein content of the
latter (Kent , 1966).
Kernel Hardness
Over the years, few subjects have been more
controversial and enigmatic than the biochemistry
of wheat hardness. The major factors involved in
wheat hardness are the intrinsic hardness of the
main components (starch and protein), the strength
of the interaction with the cell , and the interaction of individual cells to produce the overall
grain structure (Stenvert and Kingswood, 1977).
All immature wheat grains are vitreous; as
maturation proceeds, some grains remain vitreous,
while others become mealy . Endosperm cells in
soft wheat contain starch granules embedded in a
friable matri x which is readily crushed by the
rollers during milling, releasing the starch
granules cleanly and with little damage. The
endosperm cells of hard wheats , on the other hand,
tend to shatter rather than powder, breakage of
both starch granules and protein matrix occurring.
Thus, the degree of starch damage and the amount
of protein matrix carried at the surface of individual kernels is higher in hard than in soft
wheats (Simmonds, 1971). According to Kent ( 1969),
proteins are largely responsible for hindering the
disruption of the endosperm cell contents during
roller milling of hard wheat and for conferring
upon the endosperm a soft or hard te xture . Proteins govern the manner in which the endosperm
shatters during the milling process and the sizes
and types of particles that result . Their mechanical properties, together with those of the starch
granules, are paramount in the process of fine
grinding and of protein shifting in flour by means
of air classification. They play, of course, an
essential role in breadmaking.
The endosperm of the mature wheat kernel has
both plastic and brittle properties, the one or
the other being exhibited during grinding according to the moisture content of the endosperm and
the method of grinding. When grinding of endosperm is effected by means of a roller mill, a
machine in which pressure is applied relatively
slowly to the particles, so that compression takes
a measurable time, the particles exhibit plasticity, and become less fragmented as moisture content of the material at the moment of grinding is
increased; this is so because plasticity increases
with moisture content. If the same material is
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et ~·, 1960). Moss (1973) studied varietal
differences in grain morphology as they affect
water penetration into the wheat, overall conditioning, and the milling process. It has been
suggested that varietal differences are affected
by thickness and composition of the outer cuticle
and testa, the extent to which the outer epidermal and inner parenchymal cells have been compressed, and the number and size of protein masses
in the subaleurone endosperm cells (Hinton, 1955).
According to Drews (1979), an important factor in conditioning and separation of the starchy
endosperm is the amount of water absorbing and
swelling components. The amount is highest in
bran, lower in the aleurone, and lowest in the
starchy endosperm. Attack of grain by microorganisms may degrade the cellulosic and semicellulosic materials in the outer layers and reduce their water binding and swelling capacities.
Sprouting can have profound effects on degradation of those materials and significantly affect
their milling properties. The presence of
relatively large amounts of pentosans in the
starchy endosperm of rye and triticale may
significantly influence their milling properties.
According to Meuser and Klingler (1979),
starch is the main wheat component that can be
relatively easily modified in its physicochemical
properties by milling. This is accomplished by
varying the degree of starch damage and results
in changes in water binding capacity and susceptibility to a-amylase degradation. Such damage is
small in soft wheat because conventional milling
separates easily the starch granules from the
protein matri x. An increase in water binding
capacity that accompanies increased severity of
milling soft wheats, is due to an i ncr ease in the
number of particles rather than to an increase in
starch damage (Meuser and Klingler, 1979). Those
findings are especially relevant in light of the
studies by Evers and Lindley (1977) on particle
size distribution of starch starch in the endosperm of 12 wheats. Granules below 10 ~ m diamerer
accounted for about 1/3 to 1/2 of the total weight
or endosperm starch. As the samples were representative of wheats used in baking, it was suggested that small granules may be of great importance in determining flour and dough properties.
In a study of the size distribution of starch
granules in endosperm of different sized kernels
of the wheat cultivar Maris Huntsman, the number
of starch granules was greater in large-plump than
in small-plump or shrivelled kernels (Brocklehurst
and Evers, 1977). In all three kernel types more
than 1/3 of the total starch weight was contributed by granules less than 10 ~ m diameter ( B type
granules). The proportion of small granules was
significantly greater in large-plump kernels than
in the other two types.
Studies by Butcher and Stenvert (1973) determined by an autoradiographic technique that the
rate of water penetration into the kernel differed
among Australian wheat cultivars. Moss (1977)
used an improved technique, applicable directly
to whole sections. This enabled a more precise
location of the conditioning water to be made than
could be previously achieved using halves of
labeled wheat grains. Within 1 hr the labeled
water penetrated into the aleurone cells and in

structure or to associated variations in protein
contents and distribution.
Cellular Structure and Endosperm Breakage
Endosperm structure and hardness is related
to breakage in milling and to the structure and
composition of milled flour particles. Microscopy has demonstrated fundamental differences
between the cellular structure of soft and hard
wheats and flour particles obtained from such
wheats (Greer and Hinton, 1950; Greer et al.,
1951; Kent and Jones, 1952) . Greer et al~(1951)
suggested that whereas flour particles of soft
wheats consist of broken cells, those of hard
wheats consist of entire cells or groups of cells,
each including its individual cell wall. Kent ard
Jones ( 1952) presented a method of characterizing
a flour in terms of its cellular structure. The
proportions of flour particles were classifed
according to 1) the part of the wheat endosperm
from which they are derived (peripheral , pri sma tic,
or central) , 2) the number of cell units comprising
the particle, 3) the relative intactness of the
cells(s), and the relative extent of cell wall
covering, depending on the type of wheat (hard or
soft), part of the milling sys tern (break or
reduction), and conditioning.
Schultze and MacMasters (1962) showed that
endosperm breakage occurs across cell walls, not
between the walls of adjacent cells. The cellwall particles consistently were portions of walls
of two adjacent cells, with the middle lamella
which cements them. Breakage of the cell walls
was invariably transverse, rather than along the
middle lamella.
Moss et al. (1980) examined si x wheat cultivars and their-mill brans with the SEM. Endosperm removal (flour) from bran was related to the
cleavage pattern of the grains. Good bran cleanup and high flour yield were associated with
inter-cellular cleavage. When fracture took place
through the contents of the endosperm cells more
endosperm adhered to the bran. The hardness of
the endosperm cells determined the nature of the
cleavage pattern. In a hard wheat, a continuous
protein matri x around all the cell contents resulted in the boundary between the cell wall and
cell contents becoming a zone of weakness. Hence
cleavage was intercellular. The cell contents
could then act as a single entity and the whole
cell could be removed from the bran by shear
forces imparted during milling. Some forces were
also redirected towards the bran, fragmenting it
into small pieces. In a soft wheat, air spaces
and discontinuities in the protein matrix made the
cell fragile and the shear forces were not redirected, but passed through the cell rather than
removing it cleanly from the bran. Increasing the
water content of the wheat prior to milling
favored intra-cellular cleavage. Thus, it was
concluded, that the relationship between bran
clean-up and bran fracturing can be optimized by
balancing intrinsic hardness and grain moisture
content; this is the basis of wheat conditioning.
Wheat Conditioning
Water absorption during wheat conditioning
largely governs its milling behavior (Bradbury,
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grinding and separation (Meuser and Klingler,
1979). The size and shape of the crease affect
yield and composition of flour because the bran
in the crease area is difficult to separate from
the starchy endosperm (Fig. 3 a & b). The volume
occupied by the crease has been calculated to
range from 0.7 to 1.9% of the total grain volume
and its relative size affects the milling process
in terms of ability to extract flour and its
potential for providing a hospice for fungal
growth at grain maturity. Some interest is being
shown in breeding grain without a crease
(Kingswood, 1975). The flour yield from such
grain would be greatly increased. Kosina (1979)
determined, in a study of several European wheats,
gross morphological differences in kernel structure that are likely to affect flour yield. The
coefficients of variation were largest for the
height of the endosperm cavity and lowest for the
thickness of the aleurone layer (Table 3).

many cases into the starchy endosperm to a depth
of 50 to 60 wm. The embryo and scutellum also
absorbed the water with great rapidity. Subsequent penetration into the starchy endosperm
was delayed for several hours. The cells of the
embryo and scutellum appeared to bind the water
more strongly than the aleurone and after 48 hr
rest time were still more heavily labeled than the
other components of the wheat grain (Moss, 1977).
In a recent publication, based on the above
findings, the relation between optimum conditioning, moisture level, and grain hardness was
reported (Anon., 1977) (Table 2).
Table 2. Relation Between Wheat Type, Grain
Hardness and Optimum Conditioning Moisture
Wheat Type
V. Hard
Hard
Intermediate
Soft

Grain Hardness
(PSI)

Optimum Conditioning
Moisture ( %)

9-13
14-19
20-25
25-30

16.5-17.5
15.5-16.5
14.5-15.5
13.5-14.5

Table 3. Coefficients of Variation of Gross
Morphological Parameters of the Wheat Kernel
Morphological Parameter
Endosperm cavity, height
Endosperm cavity appendices, thickness
Subaleurone layer, thickness
Crease width
Crease depth
Aleurone layer, thickness

Factors which affect the rest time after
sampling and before milling include: (a) initial
moisture content, (b) protein content, and (c)
grain hardness. An increase in moisture content
from 8 to 12% can reduce rest time three-fold due
to a reduction in the water binding potential of
grain components at higher initial moisture contents, thus allowing a more rapid movement of
water. An increase in wheat protein content
decreases the rate of water penetration. This is
due to protein retarding the moisture movement
because of its water binding capacity and because
it contributes to a more ordered endosperm structure. The latter relates to the role of grain
hardness in slowing moisture movement (Anon.,
1977).

Coefficient
of Variation
314
44
33
27
18
12

It would, thus, seem that in breeding types
of wheat that produce the highest yield in terms
of wheat flour, changing the aleurone layer
thickness is not a highly promising approach.
According to MacMasters (1962), the milling
engineer is troubled by the constant minor variations in the thickness of the aleurone layer. The
irregular thickness of the aleurone layer makes
it difficult to scrape all of the starchy endosperm from it, in milling. That the starchy
endosperm and the aleurone layer are part of one
tissue, rather than separate, merely adherent

Milling Score-Flour Yield
Mi 11 i ng qua 1i ty is governed by morpho 1og i ca 1
characteristics of the wheat kernel and its
mechano-physical properties and by the methods of

'
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Fig. 3. SEM micrograph of a)
cross section through the wheat
kernel (500 wm marker) and b)
through the crease area in a
rye kernel, pericarp (PE),
aleurone (AL), and starchy
endosperm (SE) (50 wm marker) .
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Yamazaki and Donelson (1972) found a high
negative correlation for white layer cake volume
vs. mass-median diameter of laboratory-milled cake
flours obtained from pure-variety wheats. Cake
volume was also associated inversely with mass
median diameters of straight-grade and coarsely
milled flours and directly with the quantity of
sifted meal from wheats milled to obtain patent
flours for cake baking. Varietal differences in
cake potential for those wheats appeared to be
associated largely with inherent differences in
endosperm friability.

tissues, complicates the problem (MacMasters, 1962).
Seeborg and Barmore (1952) found that differences in flour yields were attributable mainly to
differences in amounts of residue remaining after
separation of germ and fine bran from the shorts.
This residue (irreducible endosperm) seems to
correspond to the mill finish or reduction tails
which accumulate abnormally in wheats that are
difficult to mill. Seeborg and Barmore suggested
that the increased yield of that material from
wheats of poor milling quality corresponded to a
greater amount of endosperm cell walls in such
wheats.
Marked expansion in recent years of the area
planted to high-yielding wheat varieties not suitable for breadmaking (i.e. Maris-Huntsman in the
United Kingdom and Clement in the Netherlands)
required development of a simple and quick testing
procedure to distinguish between breadmaking and
feed wheats (Bolling and t~eyer, 1975). The authors
emphasized the need to distinguish clearly between
inferior milling and inferior breadmaking properties. Milling and breadmaking properties may be
related, but not necessarily.
Histochemical studies of Bolling and Meyer
(1975) have shown that in acceptable cultivars, a
fairly strong adhesion between the aleuronepericarp layers facilitated their separation from
the starchy endosperm. In inferior wheats, the
subaleurone layer is rich in protein, adheres
strongly to the aleurone layer, and cannot be
separated efficiently. In some inferior cultivars, the porous structure of the pericarp facilitates shattering and increases the bran content of
flour (Bolling and r·1eyer, 1975).
Meuser and Reimer (1977) studied the possibility of influencing milling and, indirectly,
baking properties. The authors investigated the
effects of particle size and structure of flour
particles and their composition in a wheat milled
under various conditions. This was followed by
determining the influence of raw material quality
on the structure of flour particles from various
hard wheats and the possibility of modifying processing characteristics of flours from a single
wheat by altering milling parameters.
Wheat hardness is a varietal characteristic
that governs particle size of milled products
(Meuser and Klingler, 1979). Generally, soft
wheats produce Smooth and hard wheats gri tty
flours. The inherent capacity of hard wheat to
produce semolina or farina may be important. The
range of particle sizes in milling hard wheats is
wider than in milling soft wheats. The former
also are more granular than the latter. The
strong adherence between protein and starch in
hard wheats results also in greater homogeneity
in composition of the milled particles than in
soft wheat flours. The extensive mechanical degradation of soft wheats in milling increases
their water binding capacity to such a large
extent, that their breadmaking properties may be
impaired. Consequently, it may be desirable to
conduct the milling process in such a manner that
most particles are in the 40 to 90 ~m range. This
modification of the milling process and resultant
changes in particle size distribution could not
counteract however, the inferior performance of
feed wheats (Meuser and Klingler, 1979).
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Predicting Milling Behavior
The problem of predicting the milling behavior of wheat by the use of simple chemical
laboratory tests has occupied cereal chemists for
many years.
The endosperm cell walls of seven Pacific
Northwest (PNW) wheat cultivars ranging fromexcellent to poor in milling quality, were studied by
Wolf et al. (1952) to determine differences in
content and composition of water-insoluble hemicelluloses. In all varieties, degradation of
endosperm cell walls in transections treated with
1% H2S04 or 1% KOH was greatest near the aleurone
and decreased toward the crease. The degradation
was greatest in the first two or three cell layers
just beneath the aleurone layer. The cell walls
were degraded over a greater area in varieties of
excellent milling quality than in those of poor
milling quality, but varieties of intermediate
milling quality behaved erratically (Wolf et al.,
1952).
-Larkin et al. (1952) found with PNW white
wheats that the~hickness of cell walls in the
endosperm near the aleurone layer was least in the
wheats of best milling quality. Differences between varieties, however, were smaller than differences between different parts of the grain. The
relationship was independent of year and location
(Mad1asters et al., 1957). Similar results were
reported for-soft wheats by Popham et al. (1961)
but in that case the year of growthlha~a significant effect on milling score. In a later study,
the correlation coefficient between the pentosan
value and milling score was -0.74 and -0.84 for
selected winter and spring wheat, respectively.
The correlation coefficients between pentosan and
flour yield, bran weight, and bran cleanup were
significant at the 1% level (Weswig et al., 1963).
Medcalf et al. (1968) reported tha~durum
pentosans contained a higher proportion of arabinose, and thus more branching, than hard red spring
(HRS) pentosans. Similarly, durum pentosans were
somewhat higher in molecular weight than HRS pentosans. The differences were significant but
relatively small. It was postulated, however,
that a small difference in the degree of branching
might alter markedly the degree and type of interaction of polysaccharides with proteins. Differences in molecular weight also could alter the
interaction mechanism and water absorption. These
differences could account, in part, for the differences in endosperm properties between durum and
HRS wheats.
Mares and Stone (1973a) showed that wheat
endosperm walls had an ultrastructure similar to
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primary cell walls, having a microfibrillar phase
embedded in an amorphous matrix. Chemical studies
showed that the walls were largely composed of
polysaccharide and that some protein was also
present. The predominant polysaccharides are
arabino xylans of which one-third are soluble in
water, the remainder requiring alkaline reagents
for solubilization. The authors isolated, fractionated, and charQcterized wheat endosperm cell
walls, free from non-endospermic cell walls, in
flours from three wheats. The isolated cell walls
were similar in proportions of the polymeric components and the monosaccharide composition of the
walls and the wall fractions. The appearance of
endosperm cell walls in situ and in wall isolates
was examined by lightlnicroscopy, scanning and
transmission electron microscopy. SEM showed
apparent moulding of the walls on the cell contents
and different fracture patterns of prismatic and
central cells. The cell walls have a microfibrillar skeleton embedded in the amorphous matrix
components.
In a subsequent study (Mares and Stone,
1972b), it was found that the endosperm cell walls
are composed mainly of arabinoxylan and of some
cellulose, glucomannan and protein. The postulated presence of cellulose is of particular
interest . Stenvert and Moss (1974) applied a
detergent extraction technique to quantitatively
separate the outer layers of the wheat grain from
the starchy endosperm. Milling studies demonstrated that the extraction technique allowed an
accurate estimate of the flour yielding potential
provided that the milling system was capable of
fully realizing the flour milling capacity. This
is much easier said than done. In certain
instances the true flour yielding potential of a
wheat could not be judged by the detergent method
due to differences in optimum conditioning
requirements, ease of separation of bran from the
endosperm, dressing properties and sensitivity to
moisture level. Grain hardness and test weight of
hard and soft wheats were not related significantly to flour yield.
Those studies showed similarities in the
chemistry of the cell walls of wheats of diverse
milling quality and seem to suggest that neither
variations in proportions of the component polysaccharide fractions nor in their composition are
responsible for meaningful differences in milling
properties. The possibility to develop a simple
chemical test that relates cell wall material to
varietal differences in milling cannot be excluded. It is not likely, however, that such a
single test could account for differences in cell
wall thickness, content, distribution, composition, and many other factors which govern milling
quality. And, last but not least, we have no
standardized or optimized acceptable milling test
that could be used as a reference basis.

quality of the starch, and create difficulties in
corn wet-milling. If used for alcoholic beverages,
overheated corn may also cause difficulties in
beer brewing and in distillation. The starch
granules are embedded in a proteinaceous matrix
that hardens during overheating. The hardened
matrix protects the starch from enzyme attack and
conversion to alcohol. Broken corn is more easily
attacked by insects and produces more grain dust
than whole grain and creates many problems in
handling, transportation, and storage. In rice
milling, harsh drying and accompanying structural
cracks substantially reduce yields of head rice
and increase amounts of brokens, and thus cause
economic losses to the miller. The method of rice
drying may also affect the texture and color of
the milled rice and result in off-color,
especially objectionable browning.
11
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Nutritional Implications
The chemical composition of different cereal
grains varies widely, since it is influenced by
genetic, soil, cultural and climatic factors.
Amounts of proteins, lipids, carbohydrates, pigments, vitamins and total ash vary; mineral elements present also vary widely. Cereals are
characterized by relatively low protein and high
carbohydrate contents; the carbohydrates consist
essentially of starch (90% or more), pentosans,
and sugars.
The various components are not uniformly
distributed in the kernel. The hulls and bran
are high in cellulose, pentosans and ash; the
germ is high in lipid and rich in proteins,
sugars, and generally, ash. The endosperm, which
contains the starch, has a lower protein content
than the germ and the bran (in some cereals), and
is low in fat and ash.
Furthermore, the various proteins are not
distributed uniformly in the kernel. Thus, the
proteins fractionated from the inner endosperm of
wheat consist chiefly of approximately equal
amounts of prolamins (gliadins) and glutelins
(glutenins). The embryo proteins consist of
nucleoproteins, albumin (leucosin), globulins,
and proteoses; in wheat bran prolamins predominate with smaller quantities of albumins and
globulins.
Breeding efforts to improve the nutritive
value of cereal grains have concentrated on increasing protein content without decreasing protein quality (mainly retaining lysine concentration in the protein). The significance of
protein distribution in the endosperm depends on
the type of product that is 1i kely to be consumed.
In the production of highly refined milled products, in which some of the subaleurone layer is
removed, a high concentration of protein in the
subaleurone layer would not be desirable. However, if the whole kernel is to be consumed,
distribution of protein in the kernel is of
limited nutritional consequence.
In all cereal grains, the storage protein
forms a matrix which surrounds the starch
granules. Protein body initiation and formation
of the matrix protein were studied recently by
Bechtel et al. (1982a, b). Those studies sugges~
ed a role-for the Golgi apparatus in the

Grain Drying
Changes in texture and structure during drying of corn and rice are important in minimizing
breakage during handling. Excessive cracks reduce value of corn for producing foods such as
breakfast cereals. Harsh heat treatment during
grain drying may reduce starch yields, impair
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initiation of protein bodies. The Golgi appara~s
in wheat may function as a concentration organelle
to establish foci for accumulation of proteins.
Protein bodies that formed in the cytoplasm were
transported to the central vacuoles where the
protein body membrane and tonoplast fused and deposited the protein granules into the vacuole .
Protein granules in the vacuole enlarged by three
mechanisms: 1. addition of membranous vesicular
material of various types, 2. addition of flocculent material, and 3. fusion of granules with
other newly deposited protein granules. Fig. 4
shows the relationships among kernel dry weight,
water content and protein per kernel. The dry
weight per kernel increased consistently during
development whereas the moisture content remained
relatively constant during the first 12 days and
then dropped rapidly. Protein content per kernel
increased consistently during caryopsis development and closely paralleled the dry weight data.

Fusion of protein granules to form a large
protein mass is illustrated in Fig . 5 and Fig. 6.
This method of protein enlargement increased
noticeably during 14 to 17 days after flowering
and peaked at 21 to 28 days after flowering . It
is of interest that wheats harvested at about 21
to 28 days after flowering (or about 10 preripe)
have maximum loaf volume potentialities. There
is good indirect evidence that up to a certain
level, increased protein body fusion is concomitant with increases in loaf volume potential.
The concentration of protein increases from
the inner to the outer starchy endosperm. The
increase may be relatively gradual, as in some
soft wheats (Kent 1966), or quite steep, as in
some high-protein wheat types in which some of the
outer subaleurone cells contain few, if any,
starch granules. Since the subaleurone region in
rice is only several layers thick and lies directly below the aleurone, the subaleurone layer can
be easily removed during milling. It is, therefore, desirable either to mill rice as lightly as
possible for a consumer acceptable product, or to
breed cultivars with an increased subaleurone
layer, or cultivars with a more even distribution
of protein throughout the endosperm.
Sullins and Rooney (1974) used SEM to illustrate differences in corn endosperm structure that
account for differences in nutritive value of the
grain. High - lysine corn has a reduced amount of
protein bodies in the endosperm. SEM of soft
endosperms for normal, opaque - 2 or modified
opaque - 2 corn showed loosely packed, nearly round
starch granules associated with thin sheets of
protein and many intergranular air spaces
(Robutti et al . , 1974). The hard endosperms had
tightly packed, polygonal starch granules associated with a continuous protein matrix, and no
intergranular air spaces. Normal hard endosperms
had zein bodies embedded in the protein matrix;
modified hard endosperms did not. Starch damage
was greater in the ha r d endosperm than in the soft
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Fig. 4. Graph of dry weight, moisture content and protein content of hard red winter
wheat Eagle during caryopsis development.

Fig. 5. Fusion of three protein
granules (arrows) into a larger
granule in wheat 10 days after
fertilization (10.5 ~ m marker).

Fig. 6. Large protein granule in
wheat endosperm vacuole 10 days
after fertilization. Note dense
line between fused granules (1 ~ m
marker).

116

Grain Structure and End-Use Properties
because of a stronger adhesion between starch and
protein. The low density and opaqueness of soft
endosperm were attributed to the intergranular air
spaces. Interaction between protein matrix and
starch granules during drying explains the shape
of starch granules.
Seckinger and Wolf (1973) studied the structure of grain sorghum endosperm protein of commercial hybrids and experimental lines with the
transmission electron microscope (TEM) and SEM.
Vitreous endosperm showed a well developed, twocomponent structure consisting of concentricringed protein bodies (2-3 ~m in diameter)
embedded in an amorphous matrix protein. On the
basis of solubility properties of the proteins,
they suggested that the protein bodies were the
site of prolamin (kafferin) deposition and that
the matrix protein was the site of glutelin
deposition. Distribution of protein within the
sorghum grain was similar to that within other
cereal grains in that the peripheral vitreous area
of the kernel had the highest protein content.
Interior areas had gradually decreasing amounts of
protein. Protein bodies accounted for 70-80% of
the sorghum protein, as determined by microscopic
observations.
The structure of grain sorghum samples representing a wide genetic base was examined by SEM
(Hoseney et al., 1973). The soft or opaque endosperm was-characterized by relatively large intergranular air spaces. The starch granules were
essentially round and covered with a thin sheetof
protein. Embedded in the protein sheet were
relatively large spherical protein bodies. The
hard or translucent endosperm portion was
characterized by a tightly packed structure with
no air spaces. The starch granules were polygonal
and covered with a thick protein matrix. Embedded
in the protein matrix were protein bodies.
Sullins and Rooney (1973) conducted light
microscopy (LM) and SEM studies of the peripheral
endosperm of waxy and nonwaxy endosperm sorghum
varieties. Sorghum varieties are known to differ
widely in endosperm type (i.e., yellow, sugary,
waxy, and nonwaxy). In feeding trials sorghum
grains with waxy endosperm tended to have higher
feed efficiencies than nonwaxy varieties. Sullins
and Rooney found that the subaleurone endosperm
area of sorghum was composed of starch granules
embedded in an amorphous protein matrix that contained relatively indigestible (alcohol-soluble)
protein bodies. The waxy sorghum varieties contained fewer spherical protein bodies and were,
therfore, more digestible than the nonwaxy varieties. Because of its low relative proportion of
protein bodies, waxy grain, apparently, is more
completely broken down than is nonwaxy during
processing (i.e., steam-flaking, micronizing,
pulverizing, popping, exploding, and reconstituting). The protein differences also may contribute
to the difference in feed efficiency between waxy
and nonwaxy sorghum grains.

(c) precursors for imparting desirable organoleptic qualities to beer.
The sum total of physical and chemical
changes taking place during malting is termed
modification.
According to Macleod (1967),
modification describes a rather nebulous but
nonetheless real condition which has resultedfrom
the transformation of endospermic constituents to
give the best possible material for mashing.
In
practice, the modification conditions of malting
are selected so that yield of extractable solids
is maximum, and malting losses and excessive
degradation of the high-molecular-weight components of the barley are minimal. Modification
transforms tough barley into friable malt. The
transformation can be assessed by physical
methods ranging from the simple biting test to
tests involving elaborate self-recording mechanical devices. Among chemical indices, the increase
in soluble proteins is probably the most important
single parameter.
The pattern of endosperm modification of
malted grain is critical to the science and technology of malt production. Palmer s studies
(1971) indicate that the modification oftheendosperm in germinated barley commences at the dorsal
(nonfurrowed) surface of the grain. Palmer found
that the rate of endosperm modification depended
more on the effective dispersal of hydrolytic
enzymes than on the total amounts of these
enzymes in the grain. Microscopical analyses
showed that starch granules and hemicellulosic
materials of the cell walls were coated with
proteinaceous materials. Proteases play a more
active role than carbohydrases in the conversion
of hard barley into friable malt.
Changes in the aleurone layer and in the
starchy endosperm of steeped, malted, and kilned
barley were examined by SEM (Pomeranz, 1972). The
surfaces of aleurone cells in steeped barley were
highly pitted. The walls of aleurone cells were
progressively degraded during malting and kilning.
Aleurone grains increased in diameter during
steeping and were further distorted during kilning. Partial breakdown of cell walls in the
center of the starchy endosperm of malted barley
was accompanied by extensive dissolution of the
protein matrix and the freeing of small starch
granules that previously were embedded in that
matrix; the effect on the appearance of the starch
granules was small. In the central endosperm of
kilned barley malt, the cell-wall dissolution was
extensive and was accompanied by mechanical breakdown of the large starch granules. A study on
modification in a kilned malt was completed
recently in our laboratories (Fretzdorff et ~-,
1982) using a combination of histochemistry,
light microscopy, and transmission and scanning
electron microscopy. Hydrolysis of cell walls,
proteins, and starch was most extensive in the
starchy endosperm area adjacent to the scutellar
epithelium (Figs. 7 to 10). Some hydrolysis
occurred in areas adjacent to the aleurone layers;
hydrolysis decreased as distance increased from
the embryo end to the distal end and from the
aleurone layer to the center of the starchy endosperm (Fig. 11). While no rigid sequence of
hydrolysis was observed, generally, cell wall
hydrolysis was more extensive than protein
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Germination and Malting
In malting barley for brewing, the grain is
modified into a product that can yield an aqueous
extract containing: (a) fermentable products,
(b) available substrate for yeast nutrition, and
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high-protein barleys~ for reduction of wort extract~ and for persistence of undegraded proteins~
which enhance chill haze formation in beer.
Palmer (1974) suggested on the basis of SEM
that during malting hydrolytic enzymes migrate
into the endosperm to disrupt and solubilize
mainly the cell walls~ complex protein materials~
and the small starch granules. Satisfactory
modification in malting should result in degradation of cell-wall material throughout the endosperm and release of starch and degraded protein
during mashing. However~ some areas of the endosperm (especially at the distal end) may contain
undegraded endosperm cell walls in which starch
extract can be trapped~ and the trapped starch
gives rise to glucan (gum) materials during
mashing.

Fig. 7. Diagramatic scheme of barley or malt
showing regions where various sections (X s =
cross section~ L S = longitudinal section) were
taken.
1

1

and starch hydrolysis seemed to take
place gradually in the late stages of malting and
kilning . Small starch granules were hydrolyzed
more extensively than large granules.
The SEM was used to follow the modification
in malting of a low-protein barley and a highprotein cultivar (Pomeranz~ 1974). In the lowprotein cultivar~ the protein matrix degraded
extensively~ and some of the degraded protein was
deposited in the kilned malt on large starch
granules. In the high-protein cultivar~ much of
the protein matrix was intact and some protein
was retained in the form of a modified but
coherent and continuous thick film covering the
starch granules. It was suggested that the thick
film is responsible for difficulties in malting

Microbial Damage

hydrolysis~

Cereal grains are important as food because
of their excellent keeping qualities. Moisture
content is the major factor in determining the
storage behavior of grain~ which is also influenced by temperature~ oxygen supply~ history and
condition of the grain~ length of storage~ and
biological factors (molds and insects). The
respiratory rate of dry grain is low. As the
moisture content is raised above 14 % ~ the apparent
respiration increases gradually until a certain
critical moisture is reached above which respiration accelerates rapidly and the grain tends to
heat. This sharp increase in respiration is due
to the germination and growth of certain molds

Fig. 8. SEM. a) Almost complete hydrolysis of cell wall and storage protein and
extensive digestion of starch from region F of malt. b) Barley section from region F
showing intact cell walls (CW), protein~ and starch. c) High magnification pf highly
modified starch from region E of malt. d) Unhydrolyzed starch granules of barley
from region E cut in half by razor blade during tissue preparation.
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Fig. 9. TEM. a) Malt from region B showing most of cell wall (CW) digested, intact protein (P), partially digested small starch granules (S), and wedge-shaped digestion furrow
in large starch granule (arrow). b) Intact cell wall (CW), starch (S), and protein (P)
from barley in region B. c) Highly digested cell wall (CW) near scutellum (region E) of
malt. d) Intact cell walls (CW) of barley from region E. e) Starch digestion (small
starch granules (S); large starch granules, (arrow) of malt from region B was minimal; as
was protein (P) degradation. Cell walls (CW) were mostly removed.

-l.Opm

Fig. 10. TEM. a) Intact protein (P) and starch (S) of barley from region B, representative of those components in various regions. b) Malt from region C showing peripheral
digestion of starch (S) and some modification of protein (P). c) Digestion of starch
from region E of malt (arrows). d) High magnification of digestion furrows (arrows) of
starch granule (S) of malt from region E.
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(or at least reduce) artifacts from specimen
desiccation and damage from excessive irradiation
of biological systems . This has been accomplished
along with increased sensitivity. Another biological application involves labeling with heavy
atoms coupled to a particular chemical group of
interest within a macromolecule or to a particular macromolecule in an assembly of macromolecules
(Beer et al., 1981). Chemists who study solids
recognTZe-rhe complicated relationships between
microstructure and properties of solids. Highresolution analytical electron microscopy is
especially useful in studying those relationships.
Photoacoustic spectroscopy has found for
quite a number of years important applications in
characterization of solids, liquids, and gases
from inorganic and biological sources. Recently,
there has been interest in performing photoacoustics on a microscopic scale (Rosenwaig,
1979). Tsai et al. (1979) described the application of transmisSTon scanning acoustic microscopy
in nondestructive testing and evaluation. The
instrument, used in the metal industry and in
production of microelectronic computers, measures
material parameters such as elastic modulus, mass
density, and acoustic absorption rather than the
index of refraction and optical absorption as
observed in an optical microscope . The instrument
does not require destructive sample preparation
and unlike conventional optical microscopy, can
illuminate and examine details deep below the
surface of an opaque sample. Williams and
Goldstein (1981) emphasized that while electron
microscopy continues to develop and more advanced
and higher resolution instruments become available, one of the regions of greatest promise i s
interfacing of computers to electron optical
instruments. The exciting developments in this
field will change the electron microscope, now
predominantly an imaging instrument, into a datagenerating instrument with concurrent imaging
capabilities. For example, on-line microanalysis
and particle size analysis can be performed on an
SEM and AEM. Concurrent diffraction pattern
analysis can also be performed with minimal
operator intervention. Minicomputers can be used
to control operating parameters, collect data,
and assist in data interpretation (Stewart, 1981).

Fig. 11. Diagramatic summary of hydrolytic modification of cell walls, proteins, and starch in
kilned barley malt.
(predominantly various species of Asper gillus and
Penicillium ) commonly found in soil and in previously used storage bins. Molds are invariably
found on the grain and within the seed coats,
even though the grain is harvested under ideal
conditions.
Several investigations have indicated that
the crease and palea are the primary site of infestation by microorganisms in oats (Pomeranz and
Sachs, 1972). The area between the palea and the
crease seems to be favorable for growth of microorganisms, where they are harbored in the mature
and dried grain. Presence of a plaque with
microbial growth (probably a slime-producing
bacterial colony) beneath the palea of an oat
kernel is indicated in Fig. 12a. Fungi under the
hull of rice are shown in Fig. 12b.
Instrumentation and Methodology
Much of the progress on relation between
structure and end-use properties of foods has
been made possible through advances in instrumentation and methodology (Pomeranz, 1976).
Scientists engaged in the study of materials
have a large, increasing, and sometimes bewildering number of analytical techniques at their
disposal (Williams and Goldstein, 1981). Significant among these are techniques that utilize
electron beams as a source of information. Some
of these techniques are compared in Table 4; many
are highly complimentary. New methods eliminate

Fig. 12 . a) Plaque with
microbial growth on the inside
of the palea of an oat kernel
(20 ~m marker); b) Fungi under
the hull of rice (5 ~m marker).
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Table 4.

Comparison of Techniques Utili zing Electron Beams (From Williams and Goldstein, 1981)

Characteristic
1. Specimen type

2. Image resolution
3. Chemical analysis
technique
a) measurement
equipment
b) spatial resolution
c) m1n1mum detectability limit (WT%)
d) minimum detectable
mass (g)
e) accuracy
4. Structural analysis
5. Other techniques

Electron Optical Equipment *
TH1
EPMA

SEM
Bulk
7-10 nm

Polished bulk
7-10 nm

x-ray

x-ray

EDS

EDS, WDS

- 1 )Jm
-o .1%

- 1 )Jm
- o .1 %

10_14

10-15
~±1 %

Thin section
-o.2 nm (line)

( re 1 . )
Elect.
diffraction
- 1-5 )Jm

AEM
Thin section
-o.2 nm (line)
-0 . 2 nm ( s tern)
x-ray, energy
loss
EDS, CBD,
EELS
<50 nm
-o.1%

±5-10% ( re 1 . )
Elect.
diffraction
~10-20 nm

Magnetic contrast
Electron beam induced conductivity
Channeling patterns (crystal orientation)
Voltage contrast
Cathodoluminescence (emission of visible light)

*AEM =analytical electron microscopy, CBD =convergent beam diffraction (microdiffraction), EDS =x-ray
energy dispersive spectrometry, EELS = electron energy loss spectroscopy, EPMA = electron probe microanalyzer, SEM =scanning electron microscopy, STEM= scanning TEM, TH~ =transmission electron
microscopy, WDS = wavelength dispersive spectrometry (crystal spectrometer)
(Pomeranz, 1980), the four questions most commonly
asked by workers in biological sciences are: what?
how much? where? and what function? The question-what? --relates to the identity of components in
the biological system under investigation. The
answer to how much? provides information on the
quantities of identified components in the system.
The answer to the question where? is designed to
localize the component(s) in the plant or animal
tissue or in a processed food such as bread. The
fourth question, has to do with function, either
basic--physiological or applied--food processing.
To what extent can answers to all four questions
be generated by new instrumentation? I believe
that recent developments show great promise in
this respect.

What are the implications of those developments for the cereal chemist and technologist?
I am confident that in the not too distant future
we will witness adaptation of those instruments
to biological systems, in general, and cereals,
in particular. I am confident that we will be
able to use the stage of the microscope to see,
measure, record, and interpret:
Structural features of the kernel as
they relate to composition, hardness,
resilience, conditioning, and milling;
Changes that occur in a dough as it
is mixed, fermented, proofed, heated,
and baked;
Changes in water migration, starch
modification, and overall staling in a
baked product as it is stored;
Modifications in a germinating
barley kernel as they relate to steeping,
malting, mashing, and lautering;
Extrusion of versatile products by
energy-saving techniques;
And many others.
I am confident that we will be in a position
to put the micro hardness tester, the mixer, the
oven, the extrusion equipment, the malting chamber or some of their adaptations on the stage of
a microscope and follow continuously on a microscale what is happening and learn to relate those
microscopic changes to the real macro scale world.
As I have said on a previous occasion

Improving Nutritional Quality by
Grain Morphology

~lodi

fyi ng

The greatest promise, to my mind, lies not in
applying instruments, but in restructuring the
cereal grain. In recent years many studies have
concerned the improvement of the nutritional value
of cereal grains. Simple changes in grain
morphology could be the basis of improvement . The
embryo of cereal seeds is rich in protein (up to
38%), and the protein may contain about 7% lysine.
Selection for larger embryos is particularly
important if the whole seed (rather than starchy
endosperm) is to be consumed. Variations in the
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number of aleurone cells of the endosperm exist
in corn, rice, and barley. The aleurone layer is
rich in protein having a good amino acid balance.
Selection for a high aleurone cell number could
be useful, provided the high number is associated
with improved nutritional value and the deleterious effects of high phytic acid in the aleurone
layer are counteracted. Both in wheat and in
rice, much of the protein is concentrated in the
aleurone and outermost subaleurone. Those
tissues are diverted to feed during milling and
polishing of rice or during milling of highly refined wheat flour. "Restructuring" cereal grains
for a more even distribution of protein throughout
the whole endosperm would increase the protein
content of milled products.
I am confident that by the time of the third
millennium we will have as a result of a combination of classical plant breeding and modern
genetic engineering a vastly improved grain.
am confident that modern genetic engineering, the
precision tool of plant breeding, will be able to
perform a microsurgery that will cut and paste
together the genetic code of the improved cereal
grain. That improved grain will be produced from
high yielding cultivars, that are relatively insensitive to adverse conditions, make the best of
sound cultural practices, and are uniquely structured to meet the specifications of millers,
bakers, and malters. The spherical or barrelshaped kernel with a minimum crease, will have an
aleurone and germ positioned in the kernel in
such a manner that it will make possible a flour
extraction that approaches the starchy endosperm
content. The milled product will, at least,
equal in protein content the whole wheat and will
be adaptable to production of a variety of cerealbased products. It will produce delectable,
nutritious, and readily available foods that
have excellent shelf life and meet with consumer
acceptance.
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Discussion with Reviewers
R. Moss: What is meant by endosperm cavity
height? The distance within the endosperm~ from
the dorsal to the ventral side of the grain?
Author: I assume the author (Kosina~ 1979) meant
the distance within the endosperm~ from the dorsa 1
to the ventral side of the grain. The author~
however~ did not define the term endosperm cavity
height in the paper.
E. Varriano-Marston: I do not see how protein
body fusion can be significant in loaf volume
potential since much of the literature suggests
that it is the fibrillar proteins (gluten) that
are important in breadmaking potential. Please
explain; maybe I am reading you wrong.
I said
Author: I did not say identical with
"concomitant with" which is what our data show.
Limi ted aggregation" does not contradict involvement of "fibrilar" proteins; fibrilar proteins
can aggregate.
11

11

,

11

Editor: How were the grain samples prepared for
Scanning Electron Microscopy ?
Author: Grain and malt samples were prepared
for SEM by splitting with razor blades and mounting on specimen holders which were spread with
a colloidal graphite adhesive. The specimens
were then coated with a thin gold film in a
sputter coater. Dough or bread samples are cut
with a pair of sharp scissors with minimum
distortion from smooth, freshly exposed surfaces.
Small pieces are quick frozen and freeze dried
and the freeze-dried pieces are broken - fractured
to expose interior surfaces prior to coating.
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Abstract

Introduction

Pericarp thickness (determined by Z gene)
varies greatly among sorghum varieties ranging ·
from very thin (8 ~ m) to very thick (160 ~m ) .
Pericarp thickness also varies within an individuual kernel. The areas below the style and near
the hilum are the thickest with the sides of the
kernel being thinnest . Scanning electron microscopy was used to document differences in pericarp
thickness and to explain milling differences .
Varieties with a thick pericarp had starch
granules in the mesocarp cell layers. Sorghums
with a thin pericarp did not have starch granules
in the mesocarp except near the hilum and stylar
area. U.S. sorghum varieties studied had a testa
thickness of 16-40 ~m (side of the kernel) but
recently four Malian sorghums from a recent
collection had very thin testae of 8-16 ~ m. The
Sudanese sorghum Shawaya had a testa ranging
in thickness from 28-40~m.

Sorghum (Sorghum bicolor (L.) Moench) is the
major cereal grain consumed by many people in
Africa and parts of Asia. Many sorghum food products are made from decorticated grain which has
been ground into a flour. Pericarp thickness
and presence of a pigmented testa affect the processin g and nutritional properties of sorghum and
sorghum products.
Kernel Structure
The sorghum kernel consists of three major
areas: the pericarp, the germ, and the endosperm
(Figure 1 ) . The pericarp is derived from the
ovary wall (Saunders, 1955). The pericarp layers
include the epicarp, mesocarp, and endocarp
(Fi gure 2). The epicarp, usually two or three
layers thick, consists of long, rectangular cells
which may contain pigments . The outer surface of
the epicarp is usually covered with a waxy
cuticle. Thickness of the mesocarp is determined
by the presence or absence of starch granules in
this layer. The endocarp layer includes the cross
and tube cells whose major function is transport
of moisture around the kernel. The endosperm
consists of the aleurone layer, the peripheral
endosperm , the corneous endosperm, and the floury
endosperm. The endosperm texture in sorghum can
be corneous, intermediate or floury depending on
the ratio of corneous to floury endosperm.
Pericarp Thickness
Pericarp thickness is controlled by the 'Z'
gene. A thin "pearly" pericarp results from the
dominant Z gene (Z-) and a thick "chalky"
pericarp from the homozygous recessive (zz)
condition (Ayyangar et al, 1934). Pericarp thickness varies within individual kernels as well as
among varieties . The mesocarp varies from a thin,
almost nonexistent layer (thin pericarp), to
several layers of starch-filled cells (thick
pericarp) , Variation in pericarp thickness among
varieties occurs even when the homozygous reces sive condition is present. Corneous sorghums
with thick pericarps usually require decreased
milling time and have slightly decreased yields
of milled grain compared to corneous sorghums
with thin pericarps (Da et al, 1982). Native
women in Africa prefer thick, chalky sorghums
for traditional milling with a wooden mortar and
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pestle. The thick pericarps are removed in
larger pieces, thus requiring less decorticating
time. Since the pericarp breaks in the mesocarp
layer (Freeman and Watson, 1969; Hubbard et al,
1950), the thicker pericarp (having thicker
starchy mesocarps) break into flakes more easily.
Using a specially modified Udy cyclone mill,
G-766W, a sorghum with a thick pericarp, was
shown to peel with large pericarp flakes produced, similar to what is seen with the traditional mortar and pestle milling system (Shepherd,
1979; Shepherd, 1981 ) .
Pericarp thickness affects grain weathering
(pre-harvest deterioration). Sorghums with
thick pericarps generally appear to deteriorate
more rapidly than sorghums with thin pearly
pericarps. Perhaps the starch granules in the
mesocarp provide a readily available substrate
for the fungi (Leukel and Martin; 1943; Ellis,
1972; Glueck, 1979).
Presence of Testa
Two genes, B1 and B2, control the presence
or absence of a pigmented testa in sorghum. If
either the B1 or B2 gene is homozygous recessive,
the pigmented testa does not form and is thought
to be absorbed (Swanson, 1928; Quinby and Martin,
1954). During kerne 1 development, the cells of
the inner integument are crushed to form a single,
often continuous, layer called the testa.
Morrall and coworkers (1981) studied the . development of the testa and reported that membranebound vesicles in the inner integument cells
became filled with what was presumably tannin.
During the milk dough stage the central vacuoles
of the inner integument cells expanded to fill
almost all of the cells and during the soft dough
11

11

stage were filled with tannin. The testa is
between the tube cell layer (innermost part of
the pericarp) and the aleurone layer (outermost
part of the endosperm). Remnant cells from the
inner integument are sometimes observed in those
kernels in which the pigmented testa is absent.
Ayyangar and Krishnaswami (1941) reported the
presence of a colorless layer between the
pericarp and aleurone layer which they called an
unpigmented testa.
Testa Thickness
Differences in thickness of the testa within
individual kernels occur. The thickest area is
below the style (100-l40~m) and the thinnest on
the sides of the kernel (means of 25 and 18~m on
hilar side and opposite side) (Blakely et al,
1979). A partial testa has also been observed
with the pigmented testa present only in some
areas of the kernel (Blakely et al, 1979).
Several varieties of local sorghums from Mali
with very thin testae have been described by
Dr. John Scheuring (private communication). Blakely
et al (1979) also reported that testae often
appeared as two overlapping layers, often of
different colors. This layering of the testa
can be seen in Figure 3-D.
The presence of a pigmented testa in sorghum
adversely affects the nutritional value of sorghum food and feed products. High levels of
tannins are found in sorghums with a testa which
depress feed intake and feed efficiency
(Featherston and Rogler, 1975; Maxson et al,
1973; Cousins et al, 1981). The levels of
tannins and otner polyphenols in the testa and
pericarp are affected by the B1 and B genes.
When these two genes are dominant and 2a spreader
gene (S) is dominant, the pericarp has high
levels of polyphenols and appears brown in color.
The intensity of the brown pigmentation is
affected by the genetic pericarp color, whether
red or white. An additional set of genes (Tp)
controls the pigmentation of the testa. The

EPI CARP
MESOCA RP
CROSS CEllS
TUBE CELLS

HILUM

Fig. 2. Scanning electron photomicrograph of
per1carp components. Ep - epicarp, M - mesocarp,
CC - cross cell, TC - tube cell, Al - aleurone
layer

Fig. 1. Schematic longitudinal section of a
sorghum kernel. SA - stylar area, E - endosperm,
EA - embryonic axis, S - scutellum
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SEM of Sorghum Pericarp and Testa

Fig. 3.

Scanning photomicrographs depicting pericarp and testa thickness of several sorghum kernels.

A) Thin pericarp without testa (IS9985)
B) Thick pericarp without testa (Kende -Mali)
C) Thin pericarp with thin testa (Experimental line, College Station,
D) Thick pericarp with thin testa (Kende - Mali)
E) Thin pericarp with thick testa (GA615)
F) Thick pericarp with thick testa (ATx623 X SC0103)
P - pericarp, Al - aleurone layer, T - testa, SG - starch granule, M The sorghum kernels were longitudinally cut and photomicrographs taken
similar areas on each kernel so that differences in pericarp and testa
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large variation in pericarp thickness (Table l ).
York (1977) proposed that the genes denoting
pericarp thickness be reclassified to reflect
his belief that genes other than the Z locus
influence the thickness of the starchy mesocarp.
The thin pericarps contained few, if any, starch
granules (Figures 3-A,C,E), whereas thick pericarps contained abundant starch granules in the
mesocarp area (Figures 3-B,D,F). When present
in the thin pericarp, starch granules were in
the mesocarp below the style and around the
hilum area which are the two thickest parts of
the pericarp. The ranges in pericarp thickness
observed in these and other samples are reported
in Table l. The upper value of the thin and
intermediate pericarps was that measured below
the style and next to the hilum.

testa is usually brown (Tp ) but it can be purple
(tptp) (Casady, 1975). The phenolic compounds
in the testa impart some resistance to field
fungi thus decreasing susceptibility to preharvest deterioration (Glueck, 1979).
When sorghum with a testa is milled for use
in food products a dark or speckled flour is
produced, causing undesirable color in ogi and
To, two African food products (Akingbala et al,
1981; Da et al, 1982). When alkali is used to
process tortillas and To, color changes become
even more pronounced (Khan et al, 1980; Johnson,
1981). These color changes are caused by the
polyphenols in the pericarp and testa. Presumably, sorghums with thin testae would have
lower concentrations of phenolic compounds, thus
decreasing the color problem in food products,
but might retain some resistance to grain
deterioration. Also a thin testa may be easier
to remove during milling.
Since pericarp thickness and presence of a
pigmented testa affect the processing of sorghum
products, the objective of this work was to document genetic related differences in sorghum
pericarp thickness and how those differences
affect milling characteristics.

Table l.

Pericarp thickness of sorghum varieties
Thin
8-32~m
Intermediate
28-48~m
Thick
40-l60~m

The testa in Figure 3-C was thinner (l6 ~m)
than in the varieties in Figures 3-E and F
(32~m), but it still was not as thin as the
Malian sorghum in Figure 3-D (8~m). The Malian
sorghums had much thinner testae than those of
the U.S. sorghums studied.
Pericarp Thickness Among Varieties
Photomicrographs were taken of sorghum
kernels from the F2 population of the cross
BTx623 X;CS354l which were segregating for
pericarp thickness. All the F2 S had white
pericarps without pigmented testae. Some of the
progeny had a thin pericarp without starch
granules in the mesocarp resembling the parent
CS354l (Figure 4-A); another had a thick pericarp
with considerable starchy mesocarp resembling
the parent BTx623 (Figure 4-C); the last F had
an intermediate pericarp thickness (Figure 24-B)
with relatively few starch granules in the
mesocarp. All photomicrographs were taken at
the sides of the kernel in the thinnest areas
of the pericarp in approximately the same place
on each kernel .
Pericarp Thickness Within Kernel
Photographs of Nio-Fionto grain were taken
at different points around the periphery of the
kernel to observe variations in pericarp thickness within individual kernels. The pericarp
next to the hilum (80 ~m) (Figures 5 (point D) and
6-D) was the thickest, with that near the top of
the kernel (64 ~m) (Figures 5 (point B) and 6-B)
and near the style (56 ~m) (Figures 5 (point A)
and 6-A) intermediate, and that at the side of the
kernel the thinnest (48 ~m) (Figures 5 (point C)
and 6-C). The waxy cutin layer on the kernel next
to the style is much thicker than in other areas of
the pericarp. Pericarp thickness measurements did
not include the cuticle. These data suggest that
it is possible to compare pericarp thickness among
sorghum varieties only if the comparisons are
based on the examination of similar locations on
the kernel periphery.
Pericarp Thickness and Milling
When sorghum is milled, the endosperm type

Materials and Methods
Samples
Guineense sorghums with thick and thin
pericarps, Nio-Fionto, and four thin testa varieties were grown in Mali in 1981. Kernels
selected from the F2 population of BTx623 X CS354l
were harvested in 1980 from College Station,
Texas. The following six sorghums were selected
to demonstrate differences in thin and thick
pericarps and testae: a white sorghum with a
thin pericarp without a pigmented testa (IS9985),
a white Malian Kende sorghum with a thick pericarp
and no pigmented testa, a red sorghum with a thin
pericarp and thin testa (experimental lineCollege Station, Texas), a white Malian Kende
sorghum with a thick pericarp and thin testa
(CSM-184), a brown sorghum with a thin pericarp
and thick testa (GA615), and a brown sorghum with
a thick pericarp and thick testa (ATx623 X SC0103Sel). The Shawaya sorghum with an extremely thick
pericarp was received from Sudan in 1981.
Scanning Electron Microscopy
Kernels were cut in half with a razor blade
and oven-dried at 45°C overnight. Samples were
mounted on aluminum stubs with silver conductive
paint and coated with a 200 ~ layer of goldpalladium prior to viewing. Samples were examined
with a JEOL JSM35 Scanning Electron Microscope
with an accelerating voltage of 20kV. Care was
taken to view and photograph all specimens from
the same angle so as to minimize artificial
distortion of pericarp thickness.
Milling
Traditional mortar and pestle milling by a
Malian woman was used to mill 3 types of Malian
sorghums as described in the Results and Discussion section.
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Results and Discussion
Screening of sorghum samples indicated a
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Fig. 5. Approximate location on kernel where
Figure 6 photomicrographs were taken.
(percentage of corneous or floury endosperm)
influences how well the kernel can be decorticated. More kernel breakage and incomplete
milling occur in varieties with more floury
endosperm (Maxson et al, 1971). The following
milling trials were made with corneous to
intermediate texture sorghums to permit comparisons based on pericarp thickness.
Milling trials performed on several sorghum
samples from Mali and Upper Volta showed large
differences in milling times between the thin
and thick Guineense and the very thick NioFionto grains (Table 2). Using a wooden mortar
and pestle, average milling times for 2 kg lots
of grain were 27.7, 19.8, and ll .0 minutes for
the thin Guineense, the thick Guineense, and
the Nio-Fionto, respectively. The milling was
performed by native Malian women with three
replications for each of four Guineense varieties
and eight replications for the very thick NioFionto sorghum . In Figure 7, differences in
mesocarp thickness of these varieties is evident.
Photographs B, D, and F were taken at approximately the same place on the kernels as indicated
by the arrows in A, C, and E. The thin Guineense
has virtually no mesocarp. The thick Guineense
has a starchy mesocarp. The Nio-Fionto grain
also has a thick, starchy mesocarp; the mesocarp
is a layered structure with abundant starch
granules. The photographs illustrate that the
very thick, layered pericarp of the Nio-Fionto
sorghum would easily be torn or peeled from the
endosperm, thus decreasing milling time with the
traditional pounding method of milling.
Testa Thickness Among Varieties
Variations in testa thickness were studied
using four Malian sorghums and one (Shawaya) from
Sudan. There was considerable variation in testa
thickness among the Malian varieties (8-l6~ m)
(Figures 3-D, 8-A,B,C). However, the testae of
these varieties were thinner than those of the
other varieties studied (eg. Figures 3-E and
3-F). The opposite extreme was seen with the
Sudanese Shawaya (testa thickness 24-40~m)
(Figure 9). This grain has a thick testa, the
thickest pericarp encountered in our studies
(l60~m).
It was approximately 3x the thickness

Fig. 4. Scanning electron photomicrographs of
sorghums with varying pericarp thickness.
Samples were the F2 population from the cross
BTx623 (thick pericarp) X CS354l (thin pericarp).
A) Thin pericarp
B) Intermediate pericarp
C) Thick pericarp
Pictures indicate thicknesses along side of kernel and not near the style or hilum where pericarp thickness varies. Ep - epicarp, Al aleurone layer, M - mesocarp
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Table 2. Average milling time and endosperm recovery of sorghums with different pericarp thickness
Grain Type
Pericarp Thickness
Average Dehulling Time (minutes) 1 Endosperm Recovery (%)1
Very thick
ll.Oa
66.3a
Nio-Fionto
Malian Guineense
26.4c
68.6a
(thin pericarp)
Thin
Malian Guineense
19 .4b
71. 7a
(thick pericarp)
Thick
Voltaic Guineense
29.0d
(thin pericarp)
Thin
*
Voltaic Guineense
20.0b
(thick pericarp)
Thick
*
*NA - data not available.
1 numbers in same column with different superscripts are significantly different (P >.05)

Fig. 6. Scanning electron photomicrographs of Nio-Fionto sorghum at several locations around kernel
periphery depicting variation in pericarp thickness. Thickness of the pericarp at the following
locations was:
A) Below style - 56~m
B) Near top of kernel - 64~m
C) Side of kernel - 48~m
D) Near hilum - 80~m
Al - aleurone layer, S - style, C - cuticle, Ep - epicarp, M - mesocarp
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Fig. 7. Scanning photomicrographs of three sorghums from Mali.
A&B) Thin pericarp (Guineense)
C&D) Thick pericarp (Guineense)
E&F) Nio-Fionto grain with a much thicker pericarp and considerable starch in the mesocarp
P - pericarp, Al - aleurone layer. The arrows on A, C, E indicate where B, D, F sections were
photographed.
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Fig . 9. Shawaya sorghum from Sudan with an
extremely thick pericarp and a thick testa.
P - pericarp, T - testa, Al - aleurone layer

Fig . 8. Three Malian sorghums with thin testae.
P - pericarp, T - testa, Al - aleurone layer
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of other thick pericarp sorghums studied .
The thin testa Malian varieties would be
desirable in food products utilizing the entire
ground kernel. Milling studies need to be perf ormed before any conclusions can be drawn
concerning the ease of removal of the testa
f rom these varieties.
Based on the thickness of its pericarp,
Shawaya would appear to be ideally suited to
traditional milling methods. However, the grain
i s black in color. Shawaya may be a genetically
red sorghum with a photosensitive pigment in the
epicarp. Unless the pericarp and thick testa
were removed prior to processing, the benefits
of ease in milling would be outweighed by the
development of undesirable colors . The very
thick pericarp would also result in lower yield
of milled grain .
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Conclusions
Pericarp and testa thickness varies among
sorghum varieties ranging from very thin to
very thick. These differences affect the milling properties of the grain. Pericarp thickness
affects mechanical and traditional hand milling
systems differently. Our microscopic techniques
can be used by plant breeders to select for
pericarp and testa thickness.
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A. Shepherd: Is testa thickness chosen because
of its ease of measurement? One might think
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done to identify a gene for pericarp thickness.
We undertook this work to verify that the Malian
sorghums did indeed have thinner testae than the
U.S. sorghums we have studied. The initial
quantity of samples available was very small,
thus we have not yet been able to do any tannin
analyses.
E. Varriano ~1arston: Why did you oven-dry the
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further. At what temperature were they dried?
Authors: The humidity here is so high that we
cannot coat the kernels until the samples are
dried to reduce the excess moisture. They were
dried at 45°C .
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This is the usual way of referencing means that
are significantly different as determined by
Duncan S Multiple Range Test.
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Discussion with Reviewers
C.W. Glennie: Did you observe any difference in
the size of the starch granules in the pericarp
(mesocarp) as compared to those in the endosperm?
Authors: There appears to be a large difference
in the sizes of the starch granules in the two
areas. The starch granules in the pericarp
are approximately 2-8 ~m while the starch granules
in the endosperm vary depending on whether in
the peripheral endosperm (6-lO ~m), the corneous
endosperm (7-l3~m), or the floury endosperm
(l3-30~m).
There is a large variation in size
of sorghum starch granules. These are some
general values I have selected and by no means
are they absolute values.
C.W. Glennie: Would the authors care to comment
on their suggested photo-sensitive pigment
mentioned in the last paragraph of Results and
Discussion?
Authors: At this point we believe that the
pigment is an anthocyanin. The young seed is
red and gradually becomes darker, in some cases
black. The same purplish-black color has been
attributed to anthocyanins in the leaf-sheath
and glume of some sorghum varieties. We presently have some crosses in the green house with
these black seeded varieties and hope to get
enough seed to do some extraction and identification of the flavonoid compounds soon.
C.W. Glennie: Were all testae observed as two
cells thick?
Authors: No, they were not. The sorghums with
testae seem to fall into two categories: l)
those sorghums with a red, white, or yellow
pericarp with pigmented testae and 2) those
sorghums with pigmented testae and a dominant
spreader gene causing the phenotypic pericarp
color to be brown, regardless of the genetic
color of the pericarp (white, yellow, or red).
The sorghums in the first group appear to have
the two layered testae usually two different
colors. The sorghums with the pigmented testae
and spreader appear to have a more continuous
testa layer . We are presently doing some
additional microscopy work looking at sorghums
with testae to see if the two-layer testa
phenomenon holds true only for the one type of
sorghum.
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Introduction

Abstract
The location and distribution of some of the
storage constituents in the structures of rapeseed
and its products were investigated. Hand-cut or
glycol methacrylate-embedded sections were stained
with dyes or fluorochromes of known specificities
and examined using fluorescence, bright-field
and/or polarizing microscopy. Results obtained
from the study were based upon observations of
characteristics of the various stainings,
birefringence, induced fluorescence and autofluorescence. The effects of enzymatic hydrolysis, solvents and processing on the cellular
structures and their affinity for certain dyes/
fluorochromes were also investigated. Major and
minor storage constituents were tentatively
located in the structure of rapeseed. Lipids and
proteins were stored within separate cellular
organelles which were distributed throughout the
aleurone layer of the endosperm and cells of the
embryo. These two accounted for the major
portions of rapeseed storage reserves. Phytin
crystals were detected inside the protein bodies
of the embryonic cells. Most of the rapeseed
polysaccharides were present as structural (cellwall) carbohydrates of which amyloid was one of
the major components. The seed coat of rapeseed
is a complex structure containing structural
carbohydrates, mucilage and lignin. The testa
of the yellow seed-coated cultivar, Candle, was
structurally and chemically different from that
of other rapeseed varieties.

Economically, rapeseed is the most important
oil seed crop in Canada. Canadian rapeseed
(commonly known as Canola) is low in erucic acid
and glucosinolate, and supplies 50% of the total
domestic edible oil market. A certain portion of
its byproduct, rapeseed meal, has a high
nutritional value and is used as livestock and
poultry feed. In addition to 37-45% oil,
rapeseed contains 20-25% protein (rich in lysine,
methionine and cystine), minerals such as
calcium, iron, magnesium and phosphorus, and
vitamins, particularly niacin (Clandinin 1981 ).
All of these components are stored in the seed in
highly compartmented, morphologically discrete
forms. A thorough understanding of the location
and distribution of these storage reserves
undoubtedly would be of benefit in improving
processing technique s which in turn lead to
increased quality and nutritional value of
rapeseed products.
Recent studies on rapeseed ultrastructure
using electron microscopy (EM) and x-ray
microanalysis have provided useful information
regarding the cellular location of storage and
mineral reserves (Hofsten l974a and b, Mills and
Chong 1977, Stanley et al 1976). While both
transmission EM and scanning EM have revealed
high resolution details of the fine structure of
rapeseed, they provide only minimal chemical
information. Specific EM markers for the
numerous storage reserves in seed tissues are
rare. In contrast, a wide range of highly
sensitive staining techniques is available for
detecting major and minor storage reserves in
seeds (Fulcher and Wong l980) o Most of these
methods employ very sensitive and specific
fluorescent markers with the potential to detect
substances in concentrations as low as l0-18
moles (Von Sengbusch and Thaer 1973). The
sensitivity and specificity of fluorescence
microscopy makes it an indispensible tool for
studying the location and di s trib ution of various
storage reserves in rapeseed.
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Materials and Methods
Rapeseed Cultivars
Mature seeds of Brassica campestris L.
(cultivars: Echo, Candle and Sarson R500) and

.

Contr1but1on No. 674 from Ottawa Research Station.
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Brassica napus L. (cultivars: Altex and Tower)
were obtained from Dr. R. Loiselle of Plant Gene
Resources of Canada, Ottawa Research Station,
Agriculture Canada.
Hand-cut Sections
For rapid analysis of seed tissues, and in
order to avoid extraction or modification of
certain seed compounds (eg. phenolics, lipids)
during normal fixation and embedding procedures,
hand-cut sections were examined routinely in
parallel with fixed and embedded tissues.
Sections 10-20 ~m thick were cut using a clean,
toluene-washed razor blade and placed on glass
slides for immediate examination. Although handcut sections do not permit the high resolution
which is characteristic of thin plastic sections,
recent improvements in microscope design (notably
fluorescence ~-illumination) allow dramatic
improvements in resolution of components in thick
sections. Hand-cut sections can be obtained from
most seed tissues with a minimum of practice.
Glycol Methacrylate (GMA)-embedded Sections
For routine high resolution work, seed
tissues were fixed and plastic-embedded using
procedures described by Fulcher and Wong (1980).
Briefly, tissues were fixed in 3% glutaraldehyde
in 0.025 M potassium phosphate buffer, pH 7.2 at
4°C for 48 hr, dehydrated through methyl
cellosolve, ethanol, n-propanol and n-butanol and
infiltrated with GMA monomer (Feder and O'Brien
1968) for 3-5 days prior to polymerization at
600C in gelatine capsules. Alternatively, to
minimize loss of solvent- and plastic-soluble
components (especially storage lipids), fixed
tissues were embedded in a glutaraldehyde-ureaglycol methacrylate mixture (Pease 1973). This
modified GMA procedure has been described by
Ha rg in et al ( 1980).
SeCtions were cut l-5 ~ m thick using glass
knives and affixed to glass slides for examination.
Microscopic Examination
Sections were examined with a Zeiss
Universal Research Microscope (Carl Zeiss Ltd.,
Montreal) equipped with both a conventional
bright-field illuminating system and a III RS
epi-illuminating condenser combined with a HBO
200 Wmercury-arc illuminator for fluorescence
analysis. The III RS condenser contained three
fluorescence filter combinations (FC I, II and
III) each with a dichromatic beam splitter and an
exciter/barrier filter set with maximum transmission at 365 nm/ >418 nm (FC I), 450-490 nm/ >520
nm (FC II) and 546 nm/>590 nm (FC III). Photomicrographs were obtained using 35 mm Kodak
Ektachrome 400 Daylight film. Specimens were
photographed unstained (to demonstrate autofluorescent substances or after one or more of
the following staining procedures.
Staining Procedures
(a) Phenolics. Unstained sections were mounted
in oil and examined microscopically using filter
system FC I. Many phenolic compounds emit blue
autofluorescence under short wavelength excitation. To enhance autofluorescence, sections
were placed inside a chamber saturated with
ammonia vapor. They were then mounted in oil and
examined immediately. Alternatively, sections

were stained with 0.05% Toluidine Blue 0
(Sigma Chemial Co., St. Louis, Mo., C. I. 52040)
in benzoate buffer, pH 4.4, according to the
method of Feder and O'Brien (1968). Stained
sections were rinsed in water and water-mounted,
or air-dried and oil-mounted, prior to examination in bright-field optics.
(b) Carbohydrates. Sections were stained with
one of the following agents. Control sections
were viewed without staining.
Periodate-Schiff's (PAS) reaction to detect
periodate-sensitive carbohydrates: Sections were
first treated with saturated 2, 4-dinitrophenylhydrazine (Calbiochem. San Diego, Calif.) in 15%
acetic acid for 10 minutes to block native or
fixative-induced Schiff's-positive aldehydes and
were then oxidized with 1% periodic acid (w/v
in water) for 10 minutes. After thorough washing
with water (5-10 min.), oxidized sections were
treated with Schiff's reagent (Fisher Scientific
Co., Fair Lawn, N.J.) for l-2 minutes. Sections
were rinsed with water before microscopic
examination using the FC III filter system.
Iodine ota ssium iodide (IKI). A working
solution containing 3% w/v iodine and 1%
(w/v) potassium iodide in water was used for the
staining. Sections were mounted directly in the
staining solution and examined using bright
field optics.
Calcofluor. Sections were stained l-2
minutes in 0.001 % (w/v) aqueous Calcofluor White
M2R New (American Cyanmid Co., Bound Brook, N.J.).
After rinsing in water they were air-dried,
mounted in oil, and examined for fluorescence
using FC I.
Congo Red. Sections were stained 10- 20
minutes in 0.001 % (w/v) aqueous Congo Red
(Fisher Scientific Co., Fair Lawn, N.J.; C. I.
22120). They were then rinsed in water, airdried, and mounted in oil for fluorescence
examination using FC III .
Siddiqui and Wood (1971) have demonstrated
a water-soluble amyloid in rapeseed meal. In
order to identify the tissue distribution of
rapeseed amyloid, several hand-cut seed sections
were extracted with hot (950C) distilled water
for up to 3 hr. Extracted and unextracted
(control) sections were then stained by the
methods outlined above.
(c) Storage Proteins. Rapeseed proteins were
detected by staining sections with ANS (lanilino-8-naphthalene sulfonic acid) or Acid
Fuchsin as described by Fulcher and Wong (1980).
ANS imparts intense blue fluorescence to
storage protein bodies when viewed with FC I,
Acid Fuchsin imparts red fluorescence when used
with FC II I.
(d) Phytin. Rapeseed phytin inclusions were
demonstrated by flooding tissue sections for
l-2 minutes with freshly-prepared 1% (w/v)
aqueous Alizarin Red S (Aldrich Chern. Co. Inc.,
Milwaukee, Wis., C.I. 58005) containing 1% (w/v)
ammonium hydroxide at pH 6.2-6.5 (Pearse, 1972).
Stained sections were rinsed briefly and mounted
in water and examined using bright field optics.
For improved sensitivity and resolution of
phytin reserves, other sections were stained for
15 minutes in 0.01 % (w/v) aqueous Acriflavine-HCl
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(Matheson, Coleman and Bell Manufacturing
Chemists, Norwood, Ohio) at pH 3.1 using the
method of Tanke and Van Ingen (1980) but without
prior acid hydrolysis. Treated sections were
rinsed with ethanol, air-dried and mounted in
oil for fluorescence microscopy using FC III.
The crystalline nature of the phytin
reserves was confirmed by examining sections
with polarizing optics. Some sections were also
treated with a crude phytase preparation by
incubating the sections in 0.2% (w/v) wheat
phytase (Sigma Chemical Co., St. Louis, Mo.) in
0.1 M sodium acetate buffer (pH 6.8) at 55oc for
24 hr. Digested sections were rinsed extensively
in water and then examined with polarizing optics
or in bright field after staining with Toluidine
Blue 0 (as mentioned before) or Alizarin Red S.
Control sections were incubated in acetate buffer
only prior to staining.
(e) Storage Lipids. Major storage lipid reserves
were detected using methods described by Fulcher
and Wong ( 1980). Hand-cut or modified GMAsections were stained with 0.01 % (w/v) aqueous
Nile Blue A (Eastman Kodak Co., Rochester, N.Y.
C.I. 51180) for 60 seconds. Stained sections
were washed and mounted in water under a cover
slip and examined microscopically using filter
system FC II. Control sections were viewed
without staining or were extracted with
several changes of hexane for 10-20 minutes
before staining.
Results and Discussion
General Morphology of Rapeseed
Rapeseeds are globose in shape and range in
size from 1.3 to 2.5 mm in diameter. The seed
coat may be black, brown, or yellow, depending
on the variety, and the surface of the seed is
fairly reticulated. Like many dicotyledonous
seeds, the embryo comprises a large proportion
(as much as 80 %) of the mature seed, and
consists of a radicle and two conduplicate
cotyledons. The majority of the cells in the
embryo are storage parenchyma cells containing
the major reserves of protein, lipid,
carbohydrate and phytin. Complete descriptions
of the morphology of the mature rapeseed have
been presented by Winton and Winton (1932) and
Vaughan et al (1976).
The SeedCoat
The embryo is enclosed by a complex seed
coat containing an inner, single-cell layered
endosperm (or aleurone layer) and an outer,
multilayered testa. The latter contains an
epidermal layer, subepidermal layer, a
distinctive palisade layer, and a pigment layer
(see Fig. 1, and Winton and Winton 1932).
Microchemical methods are particularly
useful in demonstrating major differences in
seed coat composition and structure between
rapeseed varieties. For example, the palisade
cells of dark-coated varieties such as Tower
stain a deep green color with Toluidine Blue
(not shown) while yellow varieties such as
Candle show very little if any green coloration
after Toluidine Blue. The characteristic green
color is a well-known empirical indicator of
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lignins and other phenolics (Feder and O'Brien
1968; Fulcher et al 1972), and the observation
that dark-colored-cultivars are typically high
in lignin while y~llow cultivars are low
(Theander et al 1977) corresponds to observed
differences-in-Toluidine Blue staining. There
may also be differences in seed-coat autofluorescence characteristics among varieties.
In most varieties, both the pigment strand
(between the palisade and aleurone cells), and
the outer epidermal and subepidermal layers, are
intensely autofluorescent using FC I (Fig. 1).
However, in some yellow-coated varieties (e.g.
Candle), pigment layer autofluorescence is not
detectable. Although the identity of the
autofluorescent material is not known, blue
autofluorescence is also a characteristic of
many low molecular weight plant phenolics
(Fulcher et al 1972; Harris and Hartley 1976)
and may beuseful in 1ocati ng certain classes
of phenolic residues in seed coat tissues.
Of particular concern to rapeseed
processors is the presence in some cultivars of
the so-called seed-coat mucilage, a very
hydrophilic polysaccharide which interferes with
some processing systems because of its gummy
characteristics. For example, upon hydration of
the seed coat of Candle seeds, a pronounced,
swollen mucilaginous layer forms on the outer
surface of the coat as shown by Van Caesselle
et al (1981) using bright field staining
methods. Fluorescence methods employing Congo
Red also provide especially sensitive means for
high resolution detection of seed coat mucilage
in situ, as shown in Fig. 2, which illustrates
the thick mucilaginous layer on the outer
surface of Candle seed. The thick layer of
mucilage is completely absent from most other
varieties, such as Echo (Fig. 1 ).
Figures 1 and 2 illustrate three features
of fluorescence microscopy which offer
advantages over bright-field approaches to seed
analysis. First, the instrument frequently
demonstrates compounds or structures which are
autofluorescent but which may not be stainable
or visible using other conventional means (as
in the pigment layer shown in Fig. 1 ). Second,
it is frequently possible to combine two or
more fluorescent techniques to allow
simultaneous detection of several compounds (as
in Fig. 1, which shows autofluorescence patterns
as well as the distribution of Congo Red-stained
materials). Third, and perhaps most important,
the fluorescence approach is particularly
useful for high resolution evaluation of
materials which would otherwise be difficult to
detect by bright field staining methods. Figure
2, for example, shows very high contrast of
Congo Red stained material in the seed coat - in
an equivalent, thin (1-3 ~m) plastic section
stained with Toluidine Blue, the mucilage
deposits were virtually impossible to detect
because of low contrast. Calcofluor White M2R
New reacts in a manner similar to Congo Red,
in also having an affinity for mucilage layers.
However, its fluorescence characteristics
(bright blue) are very similar to those of
autofluorescent structures in the seed coat
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(e.g. the pigment layer) and it becomes difficult
to differentiate autofluorescence from Calcofluor
fluorescence. Thus, Congo Red is the preferred
fluorochrome for seed coat studies.
Cell Wall Carbohydrates
Unlike cereal grains, rapeseed contains only
small amounts of starch; most of the rapeseed
carbohydrates occur as structural (cell wall)
polysaccharides in the embryo. A small number of
starch grains can be demonstrated in the cotyledons using the PAS reaction or by staining with
I KI.
Application of the optical brightner Calcofluor White M2R New is a particularly useful
procedure for fluorescent staining of embryo
cell walls. The reaction is rapid, provides high
contrast, and imparts intense fluorescence to
all cotyledonary cell walls (Fig. 3). Although
the identities of the cell wall polysaccharides
which are responsible for Calcofluor binding
have not been determined, the dye has demonstrated an affinity for glucose-rich polymers
(particularly 8-glucans) such as oat 8-glucan,
lichenan, hydroxyethyl cellulose, tamarind amyloid
(Wood and Fulcher 1978) and cellulose fibers
(Hughes and McCully 1975). Recent in vitro
analyses have also demonstrated a marked interaction between Calcofluor and a water-soluble
amyloid extracted from de-hulled rapeseed (P.J.
Wood, personal communication). A comparison of
hot water-extracted and unextracted hand-cut
sections followed by Calcofluor staining
demonstrated a marked reduction in cell wall
staining in the extracted sections. These
observations suggest that rapeseed amyloid occurs
primarily in the embryo cell walls, but it must
also be noted that other cell wall components,
such as cellulose, may also be responsible, in
part, for the notable affinity of Calcofluor for
the cell walls. Congo Red can be used interchangeably with Calcofluor for routine demonstration of rapeseed embryo cell walls.
Storage Protein Bodies
The most abundant structures in rapeseed
cells are storage protein bodies. They occur in
both the aleurone layer and most of the cells of
the cotyledons and radicle. Typically, they are
l-10 ~ m in diameter and may be roughly spherical
or angular in shape, as shown in Fig. 4. Both
ANS (Fig. 4) and Acid Fuchsin provide intense
fluorescent staining of storage protein bodies
and may be used to advantage in high resolution
analyses. ANS provides blue fluorescence under
excitation using FC I. Further discussion
regarding the application of these fluorochromes
in seed analysis is available elsewhere (Fulcher
and Wong 1980). Because both fluorochromes are
reactive only with protein bodies, they are
particularly useful in unequivocal identification
of storage proteins in most rapeseed products,
including meal and protein isolates.
Phytin
----wlth the exception of the aleurone layer,
most, if not all of the protein bodies in other
tissues contain several small (0.5-2.8 JJffi
diameter) spherical inclusions which are
unstained by Acid Fuchsin or ANS. These are the
phytin globofds which may account for up to 10%

of the dry weight of cruciferous seeds (Hofsten
1973). Phytin, or myo-inositol hexaphosphate,
is typically presen~n rapeseed cells in the
form of crystalline salts containing calcium,
magnesium, and potassium, as shown by x-ray
microanalysis (Hofsten l974b; Mills and Chong
1977). Hence, crystalline globoids are readily
detected as anisotropic structures using
polarizing optics. They are also similar to
cereal phytin globoids in acquiring a distinctive
pink coloration after staining with Toluidine
Blue (Fulcher et al 1981). Like barley globoids
(Jacobsen et ar-1971 ), rapeseed phytin crystals
are completely-removed from sections using
crude phytase preparations.
Unfortunately, these methods do not provide
entirely reliable markers for phytin globoids
in situ. For example, other seed deposits, such
as occasional small starch grains, are also
birefringent, and the identification of phytin
crystals is even more uncertain using polarizing
optics to examine highly disrupted material such
as rapeseed meal and flours in which minute cell
wall particles may also be birefringent. .
.
Toluidine Blue imparts only low contrast 1n th1n
sections used for high resolution microscopy,
and the metachromasia which is characteristic
of Toluidine Blue is dependent upon an illdefined degree of hydration of sections, which
makes consistency rather difficult. However,
these methods demonstrate the histochemical
Figure l. Congo Red-stained GMA section of Echo
rapeseed showing blue autofluorescence of the
sub-epidermis (SE) and pigment layer (PL) as well
as minor Congo Red staining in the cell walls
(arrows) of the aleurone layer (A) . The palisade
cells (PC) are neither autofluorescent nor notably
stained with Congo Red. Photographed using FC I.
Figure 2. Congo Red-stained section of Candle
rapeseed showing extensive mucilage layer (M)
on the seed surface (A = aleurone layer; PC =
palisade layer). Photographed using FC III.
Figure 3. Calcofluor White-stained hand-cut section of Candle showing pronounced fluorescent
staining of cotyledon cell walls. Photographed
using FC I.
Figure 4. ANS-stained GMA Section of Echo showing
pronounced fluorescent staining of protein bodies
(arrows) in both the aleurone layer (A) and cotyledon parenchyma (C). Photographed using FC I.
Figure 5. Acriflavine HCl-stained GMA section of
Altex showing bright red phytin globoids (arrows)
as they occur within protein bodies of cotyledon
sections. Photographed using FC III.
Figure 6. Nile Blue A-stained hand-cut section
of Echo showing yellow fluorescent lipid
reserves in the aleurone layer (A) and cotyledon
(C). Photographed using FC II.
Figure 7. Nile Blue A-stained, modified GMA
section of Altex showing lipid reserves (yellow
fluorescence) and protein bodies (*) in the
cotyledon. Photographed using FC II .
Figure 8. Nile Blue A-stained, hand-cut section
of commercial rapeseed meal showing residual
lipid reserves (yellow fluorescence).
Photographed using FC II.
(Scale bars on each micrograph represent JJ m).
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similarity between rapeseed and cereal globoids,
and they are certainly very useful for examining relatively thick (5-20 ~m) embedded or
hand-cut sections.
In order to improve both the sensitivity and
speed of phytin detection, we have adopted the
fluorescent marker, Acriflavine-HCl for routine
h~g ~ resolution use.
The marker is extremely senSlt lve, and although the mechanism of its interact ' on with phytin is unknown, it imparts intense
red fluorescence~ to phytin globoids with any
of t he three fluorescence filter combinations
(FC I, II and ~II). With FC III (green excitation),
onl y the globo1ds are visible (Fig. 5), while
FC and II may also permit simultaneous detection of other fluorescent structures such as
autofluorescent blue, phenolic-enriched cell
wal l s. The method is an empirical one, but offers
striking sensitivity for detection of phytin
globoids and is particularly suitable for high
resolution analyses.
Storage Lipids
Commercial varieties of rapeseed contain
abundant reserves of oil (approximately 40% by
weight), primarily as hexane-soluble, neutral
lipids (triglycerides) which may account for up
to 95% of the total lipid in the seed. The
majority of the storage lipid occurs in small
(O.l-1.5 ~m diameter), discrete, densely-packed
droplets which surround the protein bodies and
cell nucleus, as shown by electron microscopic
studies (Mills and Chong, 1977; Hofsten, l974b).
Nile Blue A is an extremely sensitive and
rapid fluorescent marker for rapeseed lipid
reserves. Although the blue, aqueous solutions
of the dye are not detectably fluorescent, a
minor component (>3%) in most commercial Nile
Blue A preparations rapidly partitions into
neutral lipid-rich structures to produce intense
yellow fluorescence which is detectable using
FC II. The dye has been used previously to examine
triglyceride-rich spherosomes in wheat (Hargin
et al 1980) and is equally applicable to hand-cut
or modified GMA-embedded sections (Fig. 6).
Because the Nile Blue A working solution is
aqueous, there is no danger of lipid extraction
during staining. The distribution of reserve
lipids in hand-cut sections (Fig. 6) can be
determined within l-2 minutes. Intense staining
occurs in virtually all embryonic cells, as well
as in the aleurone layer. The aleurone layer
adheres tightly to the outer seed coat structures
and contributes to the high levels of lipid which
are commonly found in experimental preparations of
rapeseed hulls. Pretreatment with hexane
completely extracts all stainable material from
sections, which confirms that the dye has a very
high sensitivity for neutral lipids. At higher
magnifications (Fig. 7) individual oil droplets
can be distinguished, and it is apparent that the
distribution of stainable droplets mimics precisely that of supposed lipid droplets visualized
in electron micrographs (Mills and Chong 1977;
Hofsten 1974b). Emulsions of rapeseed oil and
Nile Blue A produce fluorescent droplets which
are microscopically indistinguishable in color
from oil droplets observed in rapeseed sections.
Like several of the fluorescence procedures outlined in earlier sections, aqueous Nile Blue A
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also has considerable potential for use in rapid
analysis of rapeseed products. For example,
samples of rapeseed meal (Fig. 8) or other
particulate products, can be examined immediately
for residual lipid. Using this approach, it
becomes a simple matter to estimate rapidly the
extent of lipid removal during conventional
crushing and solvent extraction procedures which
are in commercial use. Cells which have not
released their lipid reserves are identified
clearly by their affinity for the Nile Blue A
fluorochrome (Fig. 8). Modifications of this
general technique for rapidly visualizing rapeseed (or other oilseed) lipids should also
prove to be especially useful in expediting
developments and/or improvements in experimental
processing systems.
In this brief overview of techniques which
are useful for the detection of major rapeseed
components, it is apparent that the fluorescence
microscope provides several advantages over
conventional bright field optical methods. Most
fluorescent markers offer improved sensitivity
and contrast, the methods are generally rapid,
and the epi-illuminating systems which are now
available offer unprecedented resolution in
relatively thick, hand-cut sections, as well as
improved fluorescence intensity in thin,
embedded sections. Fluorescence also permits
localization of autofluorescent, phenoliccontaining structures which are difficult to
detect by other methods. We suggest that the
fluorescence microscope is particularly well
suited to a wide range of routine food analyses,
primarily because of its exceptional flexibility
and ease of application.
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Discussion with Reviewers
J.M. Faubion: Which classes of phenolic residues
do the authors feel could be localized by the
fluorescence technique?
Authors: We have not yet attempted to identify
spec1fic autofluorescent phenolic compounds in
the seed coat of rapeseed. However, the blue
autofluorescence in cereal aleurone cell walls
has been identified using fluorescence microspectrophotometry (Fulcher· et al 1972). Similar
techniques should prove usefUl-rn defining the
classes of compounds which contribute to rapeseed
autofluorescence.
J.M. Faubion: Since Hargin, et al. do not comment
specifically on the minor component present in
Nile Blue A, would the authors care to elaborate
or speculate on its structure, possible isolation,
etc.?
Authors: The oil-soluble fluorescent compound in
Nile Blue A was first described by J.F. Thorpe
1907. J. Chern. Soc. 91: 324-336. It is readily
isolated using organic-solvents such as hexane
or benzene.
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B. Dronzek: Would it be possible to estimate
the percentage of residual lipids in rapeseed
meal using aqueous Nile Blue A?
Authors: An experienced microscopist could
probably provide crude estimates of oil
extraction efficiency on a routine basis by s imple
examination. Precise microscopic quantitation
would require very additional, expensive
instrumentation.

Stanley, D.vJ., Gill, T.A., deMan, J.M. and Tung,
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Tanke, H.J. and Van Ingen, E.~1. 1980. A
reliable feulgen-acriflavine-S02 staining
procedures for quantitative DNA measurements.
J. Histochem. and Cytochem. 28: 1007-1013.

R.M. Saunders: Were the handcut sections from
dry seeds?
Authors: Yes, they were from dry seeds.
R.M. Saunders: In the detection of carbohydrate
material with periodate/Schiff S what happens to
soluble sugars, e.g. sucrose, raffinose, etc?
Are they 'washed out' by the aqueous nature of
the detecting agent, or during presoaking of the
seeds?
Authors: We assume that soluble sugars are
removed by the aqueous fixative and/or dehydrating media during sample preparation.
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D.W. Stanley: The enzyme myrosinase is of
considerable interest in rapeseed due to its
ability to break down glucosinolates to
isothiocyanates which are potential goiterogens.
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Have the authors attempted to identify any of
these reaction products by fluorescence microscopy?
Authors: We have yet to identify a suitable
fluorochrome for detecting myrosinase, glucosinolates or related reaction products. However, we
are exploring potential bright-field reagents
which appear to have some affinity for glucosinolate . Results of these studies will be published
in the near future.
J.G. Vaughan: 'Morphologically discrete forms' does this apply to vitamins?
Authors: Fluorescence methods have been developed
to demonstrate that niacin is concentrated in
distinct structures in cereal bran (Fulcher et
a 1 . 1981 ) . We have not yet determined if similar
VTtamins-containing structures occur in rapeseed.
J.G. Vaughan: Which type of oil was used for
mounting the sections?
Authors: A non-fluorescent immersion oil was
used for mounting the sections for microscopic
examinations.
J.G. Vaughan : The point about the Candle seed
mucilage could be enlarged. It is sometimes
stated that Candle is the result of a trispecific
cross (napus x campestris x juncea). If this is
the case, the Candle mucilage could be related
to the juncea origin.
Authors~firmation of this suggestion will
require a much broader varietal comparison than
we have attempted in this study.
J.G. Vaughan: A relevant reference to the
fluorescence microscopy of rapeseed products is:
A. Juillet, J. Susplugas, J. Courp, Les Oleagineux
et Leurs Tourteaux
Paris, 1955.
Authors: Thank you.
11

11
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Editor:
It will be useful to add micrographs
showing the hot HzO extracted sections and the
phytase-acriflavine work.
Authors: We agree. However, there are obvious
limitations to inclusion and reproduction of too
many color illustrations. We do have positive
evidence supporting the claims made about the
validity of these techniques in the text.
We shall be glad to send photographs to any
interested reader upon request.
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Abstract

Introduction

Many processed foods lack the structural integrity associated
with biological tissue so that the conventional methods of preparation and staining used in light microscopy may introduce
misleading artifacts.
Taking as examples of starch-based processed foods, potato
chips (UK potato crisps) and three distinct potato snack foods,
methods for preparing and demonstrating the constituents present in cryosections of whole and masticated products are discussed. To show constituents in their true relative locations
vapor staining and polarized light are used. Iodine vapor staining indicates the extent of starch gelatinisation in the dry snack
and it is also used to show the structural changes that occur on
mastication. Osmium tetroxide vapor colours the liquid fats and
polarized light indicates the presence of crystalline fats and intact starch granules.

All microscopy is su bject to artifacts and for one to have confidence in the validity of the results it is important to recognize
the artifacts associated with a chosen technique and to minimize
or avoid them.
In light microscopy preparations must be sufficiently thin to
transmit light and if the relative position of constituents is important then sections must be cut. For this the modern cryostat
has many advantages (Bancroft, 1975). Fixed and unfixed
material can be sectioned and embedding can often be avoided
because many foods are moist and when frozen this moisture
acts as the support needed for sectioning. Dry foods present a
challenge because the unrestricted addition of water may greatly
alter the very structure which is being examined. Fortunately
dry foods do not have to be fully hydrated to permit sectioning.
Provided that the sample size is small proprietary aqueous embedding media can be used to permeate the specimen sufficiently to give support without causing obvious swelling.
Staining presents the next opportunity to introduce artifacts.
Aqueous iodine-potassium iodide solution is the classic method
for demonstrating starch but many foods contain starch in a
swollen gelatini zed state and the addition of water further disrupts already fragile starch granules. Even intact starch granules
may become detached from the slide during aqueous staining
unless they happen to be firmly attached to the slide or surrounding material.
Although the iodide ion is necessary for iodine staining of
starch because it forms an essential component of the starchiodine complex, added iodide ions are not essential because
iodine in the presence of water provides sufficient of these (Hollo
and Szeitli, 1968). Clearly some moisture must be added to allow
staining of the starch in otherwise dry preparations but the
amount needed is small. This is the basis of iodine vapour staining (Little, 1957).
For the lipid staining the standard technique of using alcoholic solutions of oil soluble dyes such as Oil Red 0 or the more
sensitive Sudan Black Bare often satisfactory but they carry the
risk of dissolving small droplets of lipid and of displacing low
melting point lipids.
Aqueous osmium tetroxide avoids some of these problems
but if the sections involved are sensitive to water then this
method too is unsuitable . Osmium tetroxide is widely used as a
fixative and users are aware of the hazardous nature of this
toxic material which is exacerbated by its volatility. This volatility suggested the use of osmium tetroxide as a vapor stain for
fat.
Complementary to vapor staining is the use of polarization
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covered staining dish by placing in it a small watch glass containing finely ground elemental iodine, covering the dish and
leaving for 5 min. (Caution! iodine is poisonous, do not inhale
the vapor).
Individual slides were taken from the - 20 °C deep freeze
cabinet and a film of moisture was allowed to form on each slide
before quickly placing it in the covered iodine vapor dish. The
slide was positioned so that the section could be observed from
the outside. Optimum staining took about 1 min. Excess staining was avoided as this obliterated structural detail.
Mounting iodine stained sections.
A semi-permanent mounting medium based on Hinchman's
mountant, (Hinchman, 1973) was used. The medium was prepared by warming 80 ml of a low viscosity corn syrup (Morsweet
supplied by CPC United Kingdom) with 14 ml distilled water
and 6 ml Lugol's iodine in 100 ml water. This mountant was
found to preserve iodine staining for at least 6 weeks.
2. Demonstration of lipid material using osmium tetroxide
vapor.
Osmium tetroxide is a toxic material its volatile nature making it especially hazardous. All the staining was done in a fume
cupboard and gloves and goggles were worn when handling the
207o Os0 4 solution. A covered slide staining dish was used the
base of which was covered with filter paper and two lengths of
glass rod (5 mm diameter) were positioned on the base so that
the slides would not touch the paper. A 5 ml vial of 2% Os04
solution was poured onto the filter paper, a slide was then positioned in the grooves of the staining dish and the lid was replaced. Sections were allowed to stain for 20 min.
Mounting osmium stained slides
Aquamount, a commercial aqueous mountant obtained from
BDH Chemicals Ltd., Poole, Dorset, England, was used as a
temporary mountant. The mounts were photographed immediately because the osmium stained oil was still mobile.
Polarization microscopy
Stained and unstained sections were examined for birefringence. Glycerol or Aquamount were used as mountants for unstained sections.

microscopy. lts value in observing starch based snack foods lies
in its ability to demonstrate such ordered structures as intact
starch granules, crystalline fats and cellulose derived from
potato or cereal grain structures.
Materials and Methods
Reference materials: raw potato tissue sampled from the interior of a maincrop potato (variety, Majestic) commercial
potato flakes prepared by a drum drying process.
The reference materials are included to illustrate the response
of potato starch to cooking. Starch derived from raw potatoes
and potato flakes are primary ingredients for snack manufacture.
Potato-based snack products: four distinctly different commercial snacks were examined:
I. A standard potato chip.
2. A stacking chip based on potato solids and cereal starch .
This was similar in appearance to the potato chip but the
moulding of the snack during manufacture produces uniformly sadd leshaped items that stack together.
3. Product A: a puffed snack based on potato solids and
cereal starch, initially cooked under pressure and extruded
as a rounded pellet which is dried and later puffed by frying.
4. Product B: a puffed product based on potato starch and
potato granules extrusion cooked and directly fried. Product B had the appearance of short lengths of spaghetti.
Section preparation.
Potato tissue was sectioned by hand using a single edged razor
blade. All other materials were sectioned at 10~-tm using a Slee
retra~ting microtome in a Bright cryostat at - 20°C. The sections were collected on clean microscope slides. Prior to sectioning one of three procedures was used:
a) Potato flakes were broken into pieces about 2 mm in diameter and the pieces were mixed with Tissue-Tek OCT embedding medium and placed directly on the cryostat ch uck (specimen holder).
b) Each snack product was broken into pieces 2-5 mm indiameter which were placed in a perforated stainless steel cassette.
The cassette was placed in a beaker, covered in Tissue-Tek and
evacuated slowly in a vacuum oven (without heat) to remove air
trapped within the product's structure. When no more air bubbles were seen to escape the vacuum was slowl y released. Individual fragments were then mounted on cryostat chucks.
c) Each snack product was masticated until thoroughly softened and a sample (ca 5 mm diameter) of the resulting pulp
(masticate) was mounted on a cryostat chuck and covered with
Tissue-Tek.
After procedures a), b) or c) the mounted specimens were
quickly frozen in liquid nitrogen and then transferred to the
cryostat. They were left to warm to cryostat temperature
(- 20 °C) before sectioning.
Storage of sections prior to staining.
The slides holding the 10~-tm sections were stored at - 20 °C.
This preserves the fat present in the sections and it ensures that
when the slides are brought to ambient temperature a film of
moisture will be present to aid iodine vapor staining.

Results
Reference materials (Figs 1 and 2)
A com parison of these iodine stained sections shows the effect of heat processing on the starch present in potato cells.
With the raw potato tissue (Fig. 1) many of the starch granules
were lost during sectioning when individual cells were cut but
the appearance of raw starch and the way it fills intact potato
cells can be seen in two of the cells. The cryostat section of the
potato flake shows how well the cooked potato cells retain their
gelatinized starch during the processing of the flake. Although
the starch loses birefringence during cooking the outlines of individual granules can still be seen.
Potato-based snacks (Figs 3-14)
Potato chip (Figs 3-6). In its whole state the potato chip was
seen to be composed of mainly intact potato cells each filled
with gelatinized starch. As with the potato flake, iodine vapor
stai ning demonstrates individual swollen starch granules within
each potato cell (Fig. 3). O smium tetroxide vapo r reveals the
extent of fat penetration (Fig. 4), liquid fat is closely associated
with cell walls and inter cellular spaces. Fig. 5 shows the presence of crystalline fat revealed by polarized light and the birefringence of the potato cell walls. The masticated chip sections
when stained with iodine vapor show blocks of potato cells
which have sheared away from one another during mastication.
These cells still retain gelatinized starch which stains strongly

Methods of staining
1. Demonstration of starch using iodine vapor.
The method is based on that used by Little (1957). An environment of saturated iodine vapor was produced in a small
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Figs 3-6. Potato chip:
Fig. 3 - iodine stained, gelatinized starch granules visible
within cells.
Fig. 4 - Os04 stained, oil associated with cell walls (arrows)
and intercellular oil (i).
unstained in polarized light, birefringent cell walls
Fig. 5
(arrows) and crystalline fat (f).
Fig. 6
masticated chip, iodine stained, intact cells (i) starchy
matrix (sm) and oil globules (arrows).

Figs 1 and 2. Reference materials stained with iodine:
Fig. I - potato tissue, intact cells (arrows) contain raw starch
granules.
Fig. 2 - potato flake, cooked potato cells filled with gelatinized starch.
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Figs 7-12. Potato-based snacks, iodine vapor stained:
Fig. 7 - stacking chip, starchy matrix (sm) entrains potato
cells (p) and air cells (a).
Fig. 8 - stacking chip masticate viewed in polarized light,
starchy matrix (sm) potato cells (p) and fat (f). Arrows
show fat coating potato cells and dispersed in matrix .
Fig. 9 - product A starchy matrix of gelatinized granules (sm)
contains cereal particles (cp) and air cells (a) .

Fig. 10 - product A masticate, single starchy phase contai ns
small voids (v) and some oil (arrows).
Fig. 11 - product B starchy matrix (sm) contains air cells (a )
fat (f) and potato starch (arrows).
Fig. 12 - product B polarized light shows birefringent fat (f )
and potato starch (arrows).
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of the matrix appear elongated and aligned end to end around
the air spaces. On mastication the granular nature of the starch
disappears (Fig. 10) the product forming a uniform starchy
phase which contains small air pockets and some oil globules.
Polarized light revealed no solid fat. In contrast, product B
(Fig. 11) contains well defined starch granules and polarized
light shows many of these to be intact (Fig. 12). Product B also
contains potato cells which are easily seen in the iodine mount
of the masticate (Fig. 13). Viewed in polarized light the iodine
stained masticate reveals crystalline fat, intact starch granules
and the outlines of potato cells can be seen (Fig. 14).
Concluding remarks
The methods described here to show the microstructure of
potato snack foods could be applied to other starch and lipid
containing foods. The value of iodine vapor staining is that it
provides a sensitive test for assessing the extent of starch gelatinization without causing swelling. Osmium tetroxide vapor is
especially useful for locating low melting point lipids when the
use of lipid soluble colorants applied in solvent solutions would
lead to movement and loss of the lipids.
However, the loss and movement of lipid material does not
always accompany the use of oil soluble dyes. If a comparison
of sections colored with an oil soluble dye such as Oil Red 0 or
Sudan Black B shows similar results to sections stained with
osmium tetroxide vapor then the oil colorant is to be preferred
because of its greater safety in use.
The methods are intended to supplement rather than replace
existing techniques e.g. in many instances a dilute solution of
iodine in potassium iodide (the standard method for demonstrating starch) is quite satisfactory and the solution provides its
own mountant which is convenient. However, if polarized light
shows that the starch present has lost birefringence and is therefore susceptible to swelling in aqueous solutions, then the iodine
vapor staining method and the Hinchman mountant are recommended.
Polarization microscopy provides an excellent means of discerning structure without introducing staining artifacts. This
study shows it in use to demonstrate starch, cellulose and solid
fats but it can also reveal other crystalline food constituents
such as sucrose, lactose and calcium carbonate and oxalate.

Figs 13 and 14. Product B masticate:
Fig. 13 - iodine vapor stained, potato cells (PC) and starch
granules (s) in starchy matrix (arrows) .
Fig. 14 - iodine vapor stained viewed in polarized light birefringent starch (arrows) and crystalline fat (f) potato
cells (PC) contents isotropic.
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but the starchy contents of cells ruptured by the teeth are diluted
by saliva and form a paler staining matrix in which droplets of
oil as well as the potato cells can be seen.
Stacking chip. The iodine mount (Fig. 7) shows the microstructure of the dry product to consist of an aerated continuous
pink staining matrix in which dark purplish blue stained potato
cells are embedded. Gelatinized starch granules can just be seen
in the mainly intact potato cells entrained by the completely
gelatinized starchy matrix. The stacking chip contained more
crystalline fat than the potato chip and this is well illustrated in
the masticated sample (Fig. 8). This iodine mount shows intact
potato cells against a background of starchy matrix which has
now lost its aeration. Viewed in polarized light the crystalline
nature of the fat present becomes apparent.
Puffed products A and B. Like the stacking chip both products have an aerated structure but iodine vapor staining and
polarized light serve to show how different these products are.
The iodine mount of product A (Fig. 9) shows it to be composed
of a gelatinized starch matrix which entrains air and occasional
cereal endosperm particles. The highly swollen starch granules
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Reviewer IV: What moisture content is present in these samples?
Author: The dry snacks contain only l-2 0Jo of moisture, it is
difficult to estimate the moisture content of the embedded
material. The soft ness corresponds to a dry snack containing
10% additional moisture but the presence of the infiltrated
Tissue-Tek makes comparison difficult.

Discussion with Reviewers
Reviewer IV: What artifacts are possibly present due to tempering the sample at - 20°C prior to cryosectioning?
Author: Tempering i.e. storage prolonged until an equilibrium
of ice crystal formation is reached would almost certainly damage the specimen. Good cryostat technique involves very rapid
freezing of a small specimen which is then brought to cryostat
temperature and promptly sectioned. Liquid nitrogen (boiling
point - 190°C) provides rapid freezing but there would be considerable damage to both knife and specimen if an attempt were
made to section the specimen at temperatures much below
- 30°C (Bancroft 1975). It is therefore important to allow the
block to warm to secti oning temperature which takes about 10
minutes.
When material has been damaged by freezing (ice crystal artifact) the block is difficult to section and the sections show an
uneven or torn appearance.

Reviewer V: Why was crystalline osmium not used for more effective permeation of lipid components?
Author: The amount of osmium tetroxide required for vapor
staining is quite small. The 5 ml ampoules of 2% osmium tetroxide which were used contain only 100 mg of osmium tetroxide.
This amount of the solid would need careful weighing and
would involve more handling of this very toxic material. It is
therefore for reasons of safety that a solution was used. In
laboratories used to handling osmium tetroxide the aqueous
solution could of course be replaced by an equivalent amount of
the crystalline chemical.
Reviewer V: Can you please di scuss the implications of birefringence being induced in fat globules due to osmium complexing with lipids?
Author: In my experience with food lipids I have never observed
osmium induced birefringence in fat globules. Fat globules
often di splay birefringence but this is due to the un stai ned crystalline fat they contain and can be observed in unstained sections. Osmium staining will of course aid in the location of fat
droplets and with partially crossed polars it will enhance the appearance of any birefringent material present by adding contrast
to the image but thi s is not induced birefringence.

Reviewer IV: What artifacts may be induced by vacuum degassing prior to sectioning?
Author: A sudden application of reduced pressure could cause
damage to fragile aerated samples . It is important to protect the
specimen by enclosing it in a metal cassette and to evacuate
slowly. A vacuum oven is useful because it carries a vacuum
gauge so that the vacuum can be applied and later released in
known easy stages .
The aim is to replace most of the air in the specimen with
embedding medium and so ease subsequent sectioning but not
all the air is removed. This can be demon strated by very prolonged iodine vapor staining of the sections which show the extent of Tissue-Tek penetration which is colored yellow by the
iodine. (With normal staining times the Tissue-Tek is barely
visible.)

Reviewer V: Glass knives are routinely used for ultra low temperature microtoming. Have these been used on your samples?
Does the level of magnification and / or resolution usi ng the light
microscope eliminate the problem of ice crystal damage that
may be inherent in the preparation techniques now being used
(with steel blade, ice crystal damage is certainly present at the
ultra structural level)?
Author: Steel knives were used through this work. Provided
that the specimen has been correctly frozen, ice artifacts are not
a problem. This may be for the reasons you suggest but I believe
that section thickness is an important factor. For much work in
light microscopy 10J.I.m sections are used, a thickness which is
greatly in excess of the size of the ice crystals prese nt. With ultra
thin sections the way the knife deals with individual ice crystals
is likely to be more critical.

Reviewer IV: Why are air cells prese nt in so me st ructures after
vacuum degassing?
Author: The air cells seen in the sections are an intrinsic feature
of the fabricated snacks. These air cells can be seen if the products are broken and observed with a stereomicroscope using
oblique illumination and focussing up and down.
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Abstract

Introduction

Milk and dairy products have frequently been
studied by transmission- and scanning electron
microscopy. The specimen preparation procedure
may considerably influence the final result,
and formation of artefacts is frequently
observed. In this respect, formation of ice
crystals during cryofixation is a well-known
phenomenon. But dehydration, to an extent
such as is required for embedding procedures,
also appears to be harmful to dairy products.
Micrographs of thin sections of plastic-embedded samples of casein submicelles show
threadlike material, whereas in freeze-etched
specimens only spherical particles are found.
Similar observations are made when samples
of cheese and of concentrated milk are
investigated. It is therefore concluded that
the use of organic solvents for dehydration
purposes is to be avoided when s tudying the
fine structure of casein. High-voltage
electron microscopy has not yet found any
application to speak of in dairy research,
but may become of interest in the study of
the three-dimensional networks in milk gels
by using thick sections. As yet electron
microprobe analysis has found only little
adoption in dairy research, viz. in energy-dispersive X-ray microanalysis of the
calcium and phosphorus contents of casein
micelles, and of the composition of
crystalline inclusions in cheese.

The direct way to observe microstructures
is by microscopy. This is the way in which the
microstructure of many food products including
dairy products has been successfully
investigated. Although interesting results
have been obtained with light microscopy, only
the application of electron microscopy with its
much higher resolution has given a good insight
into the microstructure of foods.
The first application of electron micro sc op y
in dairy research was that by Nitschmann (46)
who in 1949 investigated casein micelles in
skim milk. Hostettler and Imhoff (35) made an
electron microscopical study of milk and
various dairy products. More recent reviews
are those by Brooker (10) who studied selected
dairy products by transmission electron
microscopy of thin-sectioned specimens, by
Kalab (37) who made a scanning electron
micro s copical investigation of a number of
product s and by Buchheim (11) who studied
milk-, cream- and whey powders by transmission
electron micro sco p y .
Electron microscopical tec hn iq u es whi ch
have found application in dairy research have
been e x tensively reviewed by Kalab (38) in
1981 an d , as far as freeze - fracturing and
freeze-etching are concerned, by Buchheim (12)
in 1982.
I n this p a per s pecial features of these
techniques when applied to dairy products will
be discussed and some techniques which are not
covered by the reviews mentioned will be
described.
Experimental techniques
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Telephone number: (08380) 190 13.

A sa mple which i s to be analysed in an
electron microscope, where a high vacuum is
present, should not contain volatile matter.
Biological specimens, to which milk and milk
products also belong, may contain water in
quantities ranging from a few percent up to
almost 100 %. This means that the water vapour
pressure of the sample must be sufficiently
lowered before it can be studied in the
microscope.
From the instrumental point of view,
dehydration of the specimen is the most simple

KEY WORDS: Auger electron spectrometry, casein
mic elles, casein submicelles, cheese,
concentrated
milk, high voltage electron
microscopy, scanning electron microscopy,
transmission electron microscopy, whipped
cream, X-ray microanalysis
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way. Dehydration, however, is a severe operation
as far as maintaining the initial microstructure
is concerned, particularly when the water
content is high. Therefore precautions have to
be taken to avoid possible deteriorating
effects of the dehydration.
From the specimen point of view the sample
should be fully hydrated and the water vapour
pressure should be lowered by cooling to such
a value that the vacuum is not seriously
affected. For this purpose the specimen must
be cooled down to the temperature of liquid
nitrogen or even still lower and it is thus
studied in the frozen hydrated state. Reaching
this state of the specimen without causing
structural damages due to formation of ice
crystals is not simple, but several approaches
have been developed. In addition the
instrumentation becomes more complicated,
including a cold specimen stage in the micro scope and sometimes a differential pumping
system, allowing the vacuum in the immediate
vicinity of the specimen to be lower than
elsewhere in the column.
Two type s of electron microscope may be
distinguished, each with its own advantages and
disadvantages. In the transmission electron
micro s cope (TEM) the image is formed by the
electrons which pass through the (partly)
translucent specimen. In the scanning electron
microscope (SEM) the primary beam is scanning
the s pecimen. This gives rise to the emission
of secondary electrons which are used for the
image formation. The scanning principle may be
combined with a TEM into a scanning transmission
electron micro s cope (STEM). Since each point of
the specimen will be exposed to the electron
beam for only a fraction of the whole
observation time, radiation damage may be
reduced considerably.

Fig. 1. Air-dried casein micelles in skim milk.
The milk was fixed with 2 % formaldehyde for
1 h, 500 times diluted with distilled water,
sprayed on formvar-co ated grids and air-dried.
Shadowing with Pd. Compare the triangularly
shaped shadow of the collapsed micelles with
the elliptical shadow of the undisturbed
polystyrene latex sphere.
Fig. 2. Freeze-dried casein micelle in skim
milk. The milk was fixed with 2 % glutaraldehyde for 1 h and 500 times diluted with
distilled water. A drop of the solution was
placed on a formvar-coated grid, frozen in
liquid nitrogen and freeze-dried. Shadowing with
Pt/C. The roughly elliptical shape of the
shadow indicates that the micelle has not
collapsed.
Fig. 3. Freeze-etched casein micelle in skim
milk. The milk was fixed with 2 % glutaraldehyde for 1 h, 100 times diluted with
distilled water, cryofixed by Bachmann's
spray-freezing technique, freeze-etched at
-110 °C for 6.5 min and shadowed with Pt/C.
During etching a small micelle (arrow) has
fallen on top of the big one (62).
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A modern electron microscope is not only an
image-forming instrument with a high
magnification but a powerful analytical tool as
well. The interaction of the electrons of the
primary beam with the atoms in the specimen
gives rise to the emission of X-rays and
so - called Auger electrons, which are both
characteristic for the atoms present. Analysis
of these emissions by means of X-ray microanalysis and Auger spectrometry respectively
would thus yield information concerning the
chemical composition of the specimen. The
primary beam may be focused on the specimen to
a very small spot so that the generated X-rays
and Auger electrons originate only from a small
region of the specimen. This makes it possible
to analyse separate details in the specimen,
independent of the surrounding matrix. Electron
microprobe analysis may be carried out in a
SEM as well as in a STEM.
Transmission electron microscopy
For transmission electron microscopy the
specimen must be at least partly translucent
for the electrons of the primary beam, which
implies that the specimen must be very thin, of
the order of 100 nm or less. The ways in which
such preparations can be made in the case of
dairy products have recently been reviewed by
Kalab (38).
Suspensions of small particles such a s
casein micelles may well be studied by spraying
on formvar-coated grids. In order to enhance
the contrast in the specimen it may be stained
negatively, for instance with potassium
tungstate or uranyl acetate (23) or it may be
shadowed using a heavy metal (1, 30, 67, 70).
In order to avoid overlapping of the particles
on the specimen grid, in most cases the
suspension has to be diluted. Casein micelles,
however, cannot be diluted with water without
causing disintegration (46) and therefore have
to be fixed, for instance with formaldehyde
(46) or glutaraldehyde (13). After simple air
drying and subsequent shadowing, which is
mostly done with Pt/C, the micelles, in spite
of their fixation tend to become flatt e ned.
This has already been observed by Nitschmann
(46) and is well illustrated by Fig. 1. The
collapsed casein micelles show a triangularly
shaped shadow whereas the polystyrene late x
particle shows the characteristic elliptical
shadow of a sphere. In the case of negatively
stained micelles such a flattening is not
observed, probably because the particles are
more or less completely embedded in the
surrounding stain. The collapse of the micelles
must be ascribed to the strong interfacial
forces which occur when, during air drying, the
receding water surface passes over the particles.
When the micelles are freeze-dried, such a
collapse is not observed, Fig. 2, which would
imply that the interfacial forces at the solid-gas phase boundary are less harmful than those
at the solid-liquid boundary. Also by freeze-etching, which is merely a particular form of
freeze-drying casein micelles do not collapse,
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Fig. 3.
For samples larger than colloidal
particles and also for the study of the
internal structure of such particles, for
instance of the substructure of casein micelles,
or of the degree of crystallization in fat
globules, other techniques have to be applied.
One of the most widely spread techniques is
thin sectioning of plastic embedded samples
(27). In this technique the sample is first
properly fixed, for instance with glutaraldehyde and/or Oso 4 (25), subsequently
dehydrated in a graded series of ethanol or
acetone and e mbedded in some suitable plastic
monomer, for instance araldite or epon (26).
After hardening thin sections are cut using an
ultramicrotome (27), and these sections may be
post stained, for instance with lead citrate
or uranyl acetate (28). Suspensions may be
embedded by using Salyaev's microcapsule
technique (54), in which the suspension is
encased in small agar capsule s , which are
fixed, dehydrated and embedded just like a
piece of tissue (34). This technique has been
applied to the study of milk (31), homogenized
milk (32), concentrated milk (21) and curd
formation (33).
In this procedure the dehydrating and
embedding steps are the most critical. During
dehydration the polar aqueous medium with a
high dielectric constant is gradually replaced
with a non polar organic medium with a low
dielectric constant. This will influence both
hydrophobic and electrostatic bonds in proteins
and denaturation may occur even in fixed samples,
and in particular with caseins, which have a
more open structure than compact globular
proteins and which have a high hydrophobic
character (59, 62). This is well demonstrated
by Fig. 4 in which fixed embedded casein
submicelles show a thread - like structure
whereas in freeze-etched specimens of s pr a y froz e n s olutions of these submicelles only
small spherical particles are visible, Fig. 5.
Also in negatively stained and shadow-cast
preparations only spherical particles are
observed (57).
In thin sections casein micelles mostly
appear as circular cross sections, which due
to compression effects during cutting may be
deformed elliptically, Fig. 6. Their
submicellar structure, which is easily revealed
in freeze-fractured specimens, Fig. 7, can
hardly be detected in this way. This may at
least partly be ascribed to overlap of the
submicelles in those sections of which the
thickness is larger th a n the submicellar
diameter. During dehydration denaturation of
the submicelles may also have occurred, which
might result in some swelling and would make
the individual submicelles no longer visible
in the sections. An indication of such a
swelling of submicelles has been found with
the electron microscopy of cheese, see below.
The milk fat in dairy products may
sometimes give rise to problems during
embedding. Lipids may be fixed by Os0 4 which
reacts with double bonds in unsaturated fatty
acids (25). Since the fatty acids in milk fat
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Fig. 4 Plastic-emb e dded casein submicelles. The casein submicelles
(obtained by dialysing skim milk against
0.07 M imidazole-HCl-NaCl buffer, pH 6.7)
were encapsulated in agar microcapsules
according to Salyaev, fixed with 1 % Os04
for 24 h, dehydrated with ethanol and
embedded in styrene-methacrylate. Post-staining with lead citrate.

Fig. 6 Plastic-embedded casein micelles
in skim milk. For specimen prepar a tion,
see Fig. 4. The direction of sectioning
is indicated by an arrow.

Fig. 5 Freeze-etched casein submicelles.
The solution was cryofixed by Bachmann's
spray - freezing technique, freeze-etched at
-110 °C for 6.5 min and shadowed with Pt/C.
Compare the spherical shape of the
particles with the thread-like structures
in Fig. 4.

Fig. 7 Freeze-fractured casein micelle in
skim milk. The milk was cryofixed by
Bachmann's spray-freezing technique,
fractured at -110 °C and immediately
shadowed with Pt/C without etching. Note
the submicellar structure of the micelle
which is not visible in the plasticembedded micelles, Fig. 6 (62).
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are for the larger part saturated, fixation is
expected to be poor. This is clear in thin
sections of araldite- or span-embedded fat
globules which frequently have a wavy appearance
due to periodic compression of the fat tissue,
which is softer than the surrounding resin
matrix (38). With styrene and methacrylate as
embedding media we sometimes observed
considerable fat extraction in samples of
whole milk and concentrated whole milk and
increased hardening times as compared to skim
milk samples.
A disadvantage of thin s ections is the fact
that in the case of extended three-dimensional
structures such as for instance whole cells,
bacteria or networks such as in cu rds and
yoghurts only a cross section is obtained. A
better idea of their actual structure,
particularly in that of three-dimensional
networks may be obtained by using sections with
a thickness of the order of several ~m. The
study of such thick sections requires a higher
penetrating power of the electron beam than is
attainable with a normal 100 kV instrument.
Therefore a high voltage electron microscope
using acceleration voltages of 1 MV or more
becomes necessary (36). In most cases the
images thus obtained are rather complex and
difficult to interpret. Interpretation may be
much improved by the application of stereo
microscopy in connection with these thick
sections. Until now high voltage electron
microscopy has found only limited use in
biology (19).
Cryofixation, which is a pure physical
process, may be used instead of chemical
fixation. In this way the possible formation
of artefacts due to the introduction of
chemicals is avoided. Also substances such as
polysaccharides, which are hardly fixed by
glutaraldehyde or Os04 and which may be
influenced by dehydration and embedding (25),
can be studied in this way. With cryofixation,
however, one must be aware of artefacts due to
the formation of ice cry s tal s which in
suspensions will lead to phase separation and
an uneven distribution of the particles, and

Fig. 8 Freeze - dried cryo section of Gouda
cheese. The cheese was oryofixed by immersion
in melting N2 and thin- s ec t ione d using a
specimen temperature of -100 °C and a knife
temperature of -80 °C. The section was freezedried and contrasted with Os04 vapour.
Fig. 9 Freeze-fractured Gouda cheese. The
cheese was cryofixed by immersion in melting
freon, fractured at -120 °C and immediately
shadowed with Pt/C without etching.
Fig, 10 Plastic-embedded Gouda cheese. The
c h eese was fixed with 1 % Os04 for 24 h,
dehydrated with acetone and embedded in
araldite. Post-staining with lead citrate.
F : fat globule, S: submicellar-like particles.
Compare these particles with those in Figs. 8
and 9.
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in tissues and similar specimens to structural
damages due to expansion of the freezing water.
In order to reduce formation of ice crystals
to a level where they are no longer harmful,
freezing must be carried out very rapidly,
which implies that only small specimens can be
handled, or some cryoprotectant has to be
added (50, 66). The subjects which are
important in this respect such as ice nucleation,
vitrification and recrystallization have been
extensively discussed by Franks (20) and shall
not be dealt with again.
For examination in the electron microscope
the cryofixed specimen may be dehydrated in
different ways. Freeze-drying is a simple way
but requires that possible cryoprotectants are
volatile or have not been added at all (50).
Dehydration may also be accomplished by
removing the ice with organic solvents which
is done during freeze substitution (50). To
this end the frozen specimen is immersed in a
solvent such as acetone or dimethyl formamide
at -80 °C. Complete substitution may take up
to two weeks. Then the substitution fluid is
changed, after which the temperature is raised.
With dairy products, however, one has to be
cautious because of casein denaturation which
may alter the protein fine structure as has
been mentioned above. In addition the solvents
used may extract lipids from the specimen. The
third method is that of freeze replication
which is done with freeze-fracturing and
freeze-etching, techniques which are discussed
by Buchheim elsewhere (12). Finally the cryofixed sample may be thin-sectioned using a
cryomicrotome (65). The sections thus obtained
may be studied either after freeze-drying or
directly in the frozen hydrated state, which
requires that the microscope is equipped with
a cooled specimen stage and a specimen transfer
unit ( 24 , 71).
We have applied the cryo thin-sectioning
technique for the st udy of Gouda cheese in the
following way. A small piece of the cheese
(1 mm3) is cryofixed by immersion in melting
nitrogen and subsequently transferred to a LKB
ultramicrotom e equ ipped with a cryochamber. In
biological tissues with a high water content
only the outer 5 to 10 ~m of the specimen
freezes without significant formation of ice
crystals (64). In cheese, where the water
content is about 40 %, which water is for a
large part bound to salt ions as hydration
water, this layer may be thicker. Sectioning
is carried out with a dry knife using a speed
of 2 mm/s; the temperatures of knife and
specimen are -80 and -100 °C respectively.
The frozen sections are collected on formvar-coated grids and flattened by pressing as
described by Seveus (64). After freeze drying
the sections are contrasted by exposure to
Os0 4 vapour. Fig. 8 shows the protein microstructure in cheese revealed by this technique.
The protein matrix consists of a continuum of
submicellar-like particles in which the fat
globules are embedded. The latter, however, are
apparently poorly fixed and tend to melt during
observation thus locally obscuring the
submicellar structure.

This particle structure of the protein
matri x is well comparable to that observed in
freeze - fractured samples, Fig. 9, whereas in
thin-sectioned plastic embedded specimens such
a structure is, although present, less clear,
Fig. 10. Submicellar-like particles have also
been observed in thin-sectioned plastic
embedded samples of Camembert cheese (40) and
in processed cheeses (29, 39, 42, 68). The
size of the particles in the plastic-embedded
sample is about 20-40 nm, which is twice as
much as that in cryosectioned and freezefractured preparations. This might be caused
by a swelling of the casein during dehydratior
when thers is a transition from a polar to an
apolar medium.
Another discrepancy is observed with
sterilized concentrated milk. In thin section s
of plastic-embedded samples filamentous
structures can be distinguished, which protruce
out of the casein micelles, Fig. 11 ( 2, 5, 21 •
In freeze-fractured specimens, however, only E
large number of free submicellar-like particlEs
can be detected, Fig. 12 (58). Also in shadow-cast preparations only small particles or
s hor t chains of su ch particles are observed
(55, 56). In concentrated milk, sterilized
at ultra high temperatures a gelation,
designated as age-thickening (22), is
frequently observed during storage. Thin
sections of plastic-embedded samples show a
str ong increase of thread-like structures
between the micelles, Fig. 13 (2, 21). In
freeze-fractured specimens, however, such
threads are not observed, Fig. 14 and in
s hadow-cast s pecimen s threads are not observe d
either (5 5 , 56). Instead of threads an
increased number of free submicellar-like
particles is observed. The thread - like
str ucture s in thin sections of plastic embedd ed
speci men s may therefore be a rt e f a cts rather
than actua l struct ural features. These artefa cts
may have been caused by an unfolding of free
casein submicelles and of small aggregates of
he at-denaturated whey proteins under the
influence of the organic solvents used for
dehydration as explained above.
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Scanning electron microscopy
In scanning electron microscopy an image
is obtained of the surface of the specimen,
which therefore needs not to be a thin one. I n
fact rather bulky samples are frequently stud~ed
in a SEM.
In food research most samples are nonconductive for electrons and in order to
prevent charging of the spec imen, which might
result in a distortion of the image, the
electrons of the primary beam must be
eliminated in some way or another.
In most cases the surface is made
conductive by deposition of a carbon or metal
layer on the specimen, which may be done by
vacuum evaporation or by sputter coating. The
use of a heavy metal such as gold is to be
preferred over that of carbon because of the
higher yield of secondary electrons for image
formation. Sputter coating results in a more
continuous surface layer than does vacuum
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Fig. 11 Plastic-embedded conc e ntrate d mil k .
For specimen preparation, see Fig. 4.
F: fat, C: casein.

Fig. 13 Plastic - embedded concentrated s kim
milk which has gelled during storage. For
s pecimen preparation, see Fig. 10.

Fig. 12 Freeze-fractured concentrated milk.
For specimen preparation, see Fig. 7.
F: fat, C: casein.

Fig. 14 Freeze - fractured concentrated s kim
milk which has gelled during storage. For
specimen preparation, see Fig. 9.
based on a treatment of the specimen with OsD4,
and tannic acid and/or thiocarbohydra z ide have
been extensively reviewed by Murphy (44, 45).
Such methods, however, have not yet found
application in dairy research.
The specimen may also be observed in the
frozen hydrated state, and provided that
sufficient ions are present, no charging will
occur (41). However, in preliminary experiments
with cheese we observed a considerable charging

evaporation, particularly with specimens with
large height differences (18). The thickness
of the metal layer limits the resolution which
might be obtained. The specimen may also be
damaged due to the heat which is developed
during the coating process. Such complications
can be avoided by making the whole sample
conductive for electrons by the application of
conductive staining or metal impregnation
procedures. These methods, which are mostly
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Fig. 16 Cryo-scanning electron micrograph
of whipped cream. For specimen preparatior,
see Fig. 15. A: air bubble, F: fat globule
( 61 ) •

Fig. 15 Cryo-scanning electron micrograph
of Gouda cheese. The cheese was cryofixed
by immersion in melting N2, fractured at
-100 °C, coated with carbon and observed
at -100 °C. F: fat globule, C: casein,
M: fat globule membranes (60).
of the specimen, which could be suppressed by
deposition of a carbon layer on the specimen
( 60).
In water-containing products the water
must be removed by drying or the sample must
be cooled for a sufficient lowering of the
vapour pressure. To this end the same
procedures may be applied which have been
described in the previous section for transmission electron microscopy, albeit that the
practical performance may be somewhat
different.
A technique which has found much
application in scanning electron microscopy is
that of critical point drying, by which the
strong interfacial forces occurring at phase
boundaries are circumvented (15). The method
is based on the fact that when the temperature
and pressure of a liquid are increased, a
point will be reached where liquid and gas are
indistinguishable. At this so-called critical
point the surface tension of the liquid is
zero. By going around the critical point, thus
circumventing a crossing of the liquid-gas
phase boundary, it is possible to reach the
gaseous state from the liquid state without
the high surface forces which result from
receding phase boundaries. Unfortunately the
critical point of water, 374 °C at 22.5 MPa is
far too high for most biological applications.
The water therefore has to be replaced by a
more appropriate liquid such as carbon dioxide
or Freon 13 with critical points at 36.5 and
28.9 °C and 7.6 and 3.9 MPa respectively. Since
these liquids are immiscible with water, the
specimens mus t first be dehydrated with e thanol,
which on its turn is replaced by amyl acetate

158

and finally by carbon dioxide. In the case of
Freon 13 the amyl acetate is omitted. Because
of the use of organic solvents, however,
artefacts may be expected with respect to the
casein fine structure. Substances which are
less well preserved during fixation, such as
fats and polysaccharides, may be extracted
during the procedure.
For the latter substances cryotechniques
in combination with a cryo specimen stage in
the microscope seem more appropriate. One has
to take considerable care, however, that
artefacts due to formation of ice crystals do
not occur. In this re s pec t products with a
relatively low water content are least liable
to such artefacts. We have applied a rather
simple cryotechnique to the study of cheese
(60) and whipped cream (61) in which the sample
was frozen in liquid nitrogen, fractured and
coated with carbon in a freeze-etch unit and
finally transferred to the cryostage of a SEM.
In the micrograph of cheese, Fig. 15, the
fat globules are well preserved. Remnants of
fat globule membranes are also visible. Their
wrinkled appearance is probably caused by
partial adhesion to the fat globules when they
are broken away during fracturing. In whipped
cream, Fig. 16, the air/serum interface of the
air bubbles is well visible. It seems to
consist of fat globules which are embedded in
liquid fat, which has flowed out of the globules
during whipping. It is clear, however, that in
the serum phase some formation of ice crystals
has occurred.
Other sample preparation techniques for
scanning electron microscopy and their
applications in dairy research have been
described at length by Kalab (38).
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Electron microprobe analysis
In the section on experimental techniques
it was mentioned that an electron microscope
can also be used as an analytical instrument
for the determination of the chemical
composition of the specimen. For this purpose
one may use the X-rays as well as the Auger
electrons which are emitted by the specimen
under the influence of the primary electrons.
Due to inelastic collisions of the
electrons of the primary beam with the atoms
of the specimen, an electron of one of the
inner shells may be ejected, which results in
the formation of highly excited ions. These
ions return to a lower energy lev e l when an
electron of one of their outer shells replaces
the ejected electron. The difference in
potential energy between the replacing and the
ejected electrons is characteristic for each
chemical element. The excess energy may be
emitted as an X-ray photon which can be studied
by X-ray microanalysis (51). The excess energy
may also be dissipated by the ejection of an
electron from another shell . These so-called
Auger electrons are also characteristic for the
atoms present and can be analyzed by an Auger
electron spectrometer (14, 17).
Since the only detectable Au ger electrons
ori ginate from a layer with a thickness of
1-2 nm below the surface of the sample, Auger
electron spectrometry is a typical surface
analysing technique. Even the slightest
contamination of the surface will interfere
with the analysis so that an ultra high vacuum
is required (( 10- 5 Pa). As yet this technique
has only found limited application, mostly in
material sciences, and therefore it will not be
discussed further.
X-ray microanalysis is a widely spread
technique, not only for the study of mat erials
but also for the analysis of biological samples,
including foods. The technique has also found
several applications in dairy research. The
X-rays which are emitted by the s pecimen are
characteristic for the chemical elements
pre sent since they are related to the energy
levels in the atoms. A qualitative chemical
analysis of the specimen may thus be given by
identification of the different lines in the
X-ray s pectrum.
Although the intensity of the
characteristic X-rays is related to the
concentrations of the elements in the
irradiated volume of the sample, a quantitative
chemical analysis is difficult to perform
because of several interfering phenomena (5 2).
It must first be recognized that the X-ray
emission takes place from the whole volume of
the specimen which is influenced by the primary
electron beam, Fig. 17. The primary electrons
penetrate into the specimen and give rise to an
emitting volume whose size and shape are
determined by their kinetic energy and the
composition of the specimen. The depth of
penetration is mostly several pm; the lateral
expansion which determines the resolution of
the method is of the s a me order of magnitude in
spite of the fact that the primary beam may be

159

focused to a spot with a size of a few nm.
Serious interference is caused by
deceleration and deflection of the electrons of
the primary beam by the nuclei of the atoms.
This gives rise to X-rays with energies ranging
from 0 up to the kinetic energy of the incident
electrons. This continuous radiation,
frequently designated as "Bremsstrahlung"
results in a background in the energy spectrum
on which the characteris t ic emission is superposed. Another complication for a quantitative
analysis is absorption which depends on the
composition of the specimen, the energy of the
generated X-rays and the instrumental geometry.
Absorbed X-rays may also introduce ionization
of the inner shells of other atoms, thus giving
rise to secondary X-rays. This so-called
secondary fluorescence is, however, less
important than absorption. Another source of
interference are extraneous X-rays which are
caused by the interaction of stray electrons,
backscattered electrons and stray X-rays with
the mechanical parts of the system such as pole
pieces, specimen holders etc. Finally it must
be recognized that during analysis of the
specimen in the microscope the specimen may lose
mass due to evaporation, mainly but not
exclusively, of light elements. On the other
hand a gain in mass may result from contamination
due to condensation of residual gas in the
column on the specimen.
In order to meet these sources of interference in quantitative work, where absolute
concentrations or concentration ratios are to
be determined, it has therefore become the
custom to apply standard samples for calibration.
For the most accurate analysis it is desirable
that the standards used resemble the specimen
as closely as possible because the corrections
for the effects mentioned above only cancel out
for identic al preparations. When such an ideal
standard is impossible, so-cal led ZAF
correction s , which take the effects of atomic
number (Z), absorption (A) and secondary
fluorescence (F) into account, have to be
applied (43). Although such corrections were
primarily worked out for metallurgical purposes
they may also be u sed for biological sam ples
where in mo st cases only the absorption
correction appears to be significant (52). In
the case of thin sections the standard needs
not be ideal and several quantification
procedures may be applied (53). In thick
sections the quantification is more difficult
when the s tandard differs much from the sample
under investigation. The methods required for
the quantification of such samples have recently
been reviewed by Boekestein et al. (6).
Detection of the X-ra ys may be done in two
different ways, energy-disper s i ve (ED) or
wavelength-dispersive (WD), depending on the
type of detector used. A description of these
detectors, which falls outside the scope of
this review, has been given by Reed (51). Both
methods have their advantages and disadvantages.
In an EO system all elements are detected
simultaneously within a few minutes whereas in
a WD system the elements have to be detected
one after another and a complete analysis may
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Fig. 17 Schematic representation of
absorption and secondary fluorescence
during the generation of X-rays in a
specimen under the influence of the
primary electrons. Depth of penetration
is a few ~m (B).

Fig. 18 Scanning electron micrograph of
calcium tyrosinate crystals in Gruyere
cheese. The cheese was fixed in aldehyde,
dehydrated in ethanol, de-fatted with
chloroform, post-fixed with OsD4 and
coated with gold (3, 4).

take several hours. The energy resolution of a
WD system is an order of magnitude better than
that of an ED system, which results in less
peak overlap. Finally it must be mentioned that
the background in a WD spectrum is mostly so
low that correction is relatively simple. In
an ED spectrum the background contr ibutes
significantly to the peak intensitie s so that
a substantial correction has to be applied.
Special computer programs have been developed
for this purpose.
Both methods have approximately the same
sensitivit y , about 10-1 8 g of the element
under study may be detected in the irradiated
volume, which in practice corresponds to a
relative concentration of 0.1 %. All elements
beyond Be may be detected by WD analysis
whereas in ED analysis all elements beyond Na
are detected. The latter lower limit may be
shifted downwards to C by using a so-called
wind o w-less detector, but in most cases this
is of little use because of the low resolution
of the ED method in the low-energy part of the
spectrum. The spectral data may be expressed
either as a net peak intensity or as a peak-to-background ratio. The latter method has
the advantage of being relatively insensitive
to variation~ in specimen thickness, to
fluctuations in the beam intensity and to
variations in the local geometry (7).

a redistribution of the elements to be
investigated (16). Also material lo sses and
gains must be avoided, in particular when they
are selective rather than general. Soluble ions
such as Na+ or K+ are more easily liable to
redistribution and elimination than are
insoluble salts such as calcium phosphate.
It is worthwhile to mention, however, that
we were unable to detect any calcium phosphate
in thin sections of casein micelles, which were
fixed by Os04, dehydrated with ethanol and
embedded in methacrylate. Although the micelles
remained intact and the protein part might be
well preserved, calcium phosphate had apparently
been leached away. O'Brien and Baumrucker (47)
observed that in air-dried untreated casein
micelles calcium and phosphorus were still
present. In glutaraldehyde-fixed micelles,
however, the amounts of these elements had
fallen to about one third of the values in the
unfixed sample.
Specimens for X-ray microanalysis may be
prepared by drying methods such as air-drying,
freeze-drying or critical point drying, by
embedding techniques or by freezing techniques.
The application of drying may be expected to
result in considerable redistribution, notably
of the soluble elements in the specimen, unless
they can be adequately fixed or rendered
s ufficiently insoluble by the addition of
suitable precipitants (16). Insoluble material
can easily be analysed as is demonstrated by
the study of Blanc et al. (3, 4) who determined
the composition of needle - like crystals in
Gruyere cheese. These authors made a SEM study
of this cheese, which was fixed with acrolein/

Specimen preparation for X-ray microanalysis
It is obvious that for an analysis of
individual features of the specimen the
different preparation steps should not lead to
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glutaraldehyde, dehydrated in ethanol, defatted
in chloroform, post-fixed with Os04 vapour and
coated with gold. In the crystals observed,
Fig. 18, only calcium was found and almost no
phosphorus from which it was concluded that the
crystals were calcium tyrosinate rather than
calcium phosphate. Although crystalline
inclusions in cheese and processed cheese have
frequently been observed in the SEM as well as
in the TEM (9, 10, 49, 69) these have not been
characterized further by X-ray microanalysis.
During air-drying some elements might
become concentrated at the gas-liquid boundary
whereas during freeze-drying this may happen
at the gas-solid boundary. Dehydration using
organic solvents, which is applied in critical
point drying and freeze substitution may lead
to translocation of components which are
difficult to fix, such as polysaccharides and
lipids and of the elements which are associated
with them.
Embedding procedures are also liable to
migration of certain components during the
dehydration and embedding steps. Sectioning may
also result in redistribution of elements in
particular when hard and soft regions occur
side by side in the specimen. Also the tray
liquid may give rise to redistribution or
leaching.
Cryofixation might be expected to cause
less redistribution and losses in the specimen.
During freezing, however, eutectic phases may
be formed: at first pure water crystallizes and
the remaining solution becomes more
concentrated, which process continues until the
whole solution solidifies at the eutectic point
and a considerable redistribution takes place.
Not only do small ions migrate in this way but
also macromolecules, casein micelle s and even
polystyrene latex s pheres with a diameter of
100 nm may concentrate at the phase boundary
(63). Such segregation phenomena may be reduced
by increasing the freezing rate or by the
addition of a suitable cryoprotectant (66).
The cryo-fixed sample is best analysed in
the frozen hydrated state since any attempt to
remove the water might result in redistribution
or extraction as has been mentioned above. This
requires that the microscope is equipped with
a cold specimen stage and that precautions have
been taken to avoid contamination of the
specimen when it is transported from the
preparation stage to the microscope. For
scanning electron microscopy a so-called biochamber has been developed which is attached to
the microscope and in which the specimen is
cooled by liquid nitrogen (48). The sample is
fractured and coated in the chamber and may be
moved into and out of the microscope at will
via an isolation valve. Also frozen hydrated
sections may be transferred without
contamination from the cryomicrotome to the TEM
by using a special transfer unit (24, 71).
As has been mentioned in the section on
transmission electron microscopy the ideally
frozen part of the sample, where no artefacts
due to ice crystal formation have occurred, is
only a rather thin surface layer of the
specimen. Not only the morphology of the
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specimen but also its chemical analysis must
be studied in this superficial zone. If bulk
specimen or features well below the sample
surface have to be analysed the use of
cryoprotectants therefore cannot be avoided
(66).
Conclusions
For the electron microscopy of dairy
products the techniques to be used depend on
the goals to be reached. The use of organic
solvents for dehydration purposes may lead to
the denaturation of casein and formation of
artefacts and should therefore be avoided when
studying protein fine structures.
Thin sections of plastic embedded samples
are well suited for the study of the
distribution of fat globules and bacteria in
cheese and yoghurt and also for the networks
formed by casein micelles in milk gels. These
networks may even be better studied by high
voltage electron microscopy of thick sections,
which results in a resolution which is an order
of magnitude better than that attainable in
scanning electron microscopy.
Cryofixation, followed by freeze-fracturing,
freeze-etching or cryo thin-sectioning seems to
be the best technique to study protein fine
structures and substances such as fats and
polysaccharides, which are only poorly fixed by
chemical means. Precautions have to be taken to
avoid formation of artefacts resulting from ice
crystals which are formed during improper
freezing procedures. The usable area of the
specimens thus obtained is in general much
smaller than that obtained by thin sectioning
of plastic - embedded samples. These techniques
are therefore less suited for studies at low
magnification.
Cryo thin sections may become very
important for the study of the protein fine
structure of dairy products. The sections may
be studied either in the freeze-dried or
frozen - hydrated state. The first method is the
least complicated and is for structural studies
perhaps as good as the second one. The method
can successfully be applied to all products with
a low fat content or to specimens from which
the fat has been removed.
For X-ray microanalysis an ED study is
rapidly carried out as a first survey of the
sample. For an accurate analysis, however, a
WD study is more appropriate, in particular
for the lighter elements C, N and 0, where a
WD system has a much higher resolution than an
EO system.
The analysis of frozen hydrated specimens
will in principle give the best information but
the occurrence of redistribution of
constituents during cryofixation must be carefully checked. Also material losses,
particularly of water and material gains, due
to condensation of residual gas into the cold
specimen, must be accounted for.
For many investigations, such as the study
of crystalline inclusions in cheese and
processed cheese, sections of plastic-embedded
samples or dehydrated bulk samples may give
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satisfactory results, but one should be aware
of material losses during preparation.
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Discussion with Reviewers
M. Kalab:
It is interesting to see casein
submicelles or the ~- casein-S-lactoglobulin
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complex in the form of minute globules in
free ze -fractured preparations and in the form
of filaments in thin sections. Were attempts
made to pinpoint the stage during embedding
when the unfolding takes place? Were milk
sa mples impregnated with alcohol or resin
monomers subjected to freeze fracturing? What
we re the results?
Author: We made some experiments in which
casein micelles were fixed with glutaraldehyde
or OsD4, dehydrated with a graded series of
ethanol and impregnated with methacrylate
monomer. The micelles were subsequently
returned into the aqueous medium via the
reversed way. Freeze-fractured specimens of
these micelles did not reveal any unfolding of
the submicelles. This would indicate that, at
least with submicelles, the unfolding is
reversible. We do not yet have experience with
heated systems in which denaturated whey
proteins are present.
D.E. Carpenter:
Could the increased submicellarlike particles in the freeze-fractured, sterile
and concentrated milk specimens be casein -w hey
protein aggregates?
M.L. Green and B. Brooker: Severe heating of
milk is reported to cause micelle enlargement
and an increase in the amount of nonsedimentable casein. Why then does the author
think that the submicellar-type particles in
sterilized, concentrated milks are not derived
from casein micelles?
Author: The submicellar-like particle s most
probably are aggregates consisting of nonmicellar casein and denaturated whey proteins.
Their composition will not be constant and the
ratio casein to whey protein in these
aggregates may vary between wide limit s.
Particles consisting merely of pure casein or
pure denaturated whey protein may a lso occur.
M. ROegg: Walstra (Walstra P. (1979). J.
Dairy Res. ~' 317-323) has recently proposed
that casein micelles are hairy, i.e. that they
have peptide chains protruding into the milk
serum. Do you think that electron microscopy
could provide further evidence for this concep t ?
Which preparation technique would probably be
suitable for revealing the hairy surface
structure?
Author:
If the concept of the "hairy micelle"
is correct the hairs consist of polypeptide
chains. The detection of such thin threads by
electron microscopy is at the limit of the
possibilities with the present techniques. In
dried micelles the hairs would stick to the
micellar surface and something similar would
happen when the mioelles are embedded in an
apolar resin. Embedding in water-miscible
resins such as durcupan or glycolmethacrylate
might reveal such a hairy surface, but I am
not optimistic. I consider the freeze-etching
technique to be more promising. Dr. Buchheim
and I made some preliminary experiments with
freeze-fracturing of spray-frozen dispersions
of casein micelle s . The specimens were slightly
etched (about 20 nm) and subsequently rotarily
shadowed at an angle of 10-25° with the
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horizontal plane. We did not obtain clear
evidence for the existence of s uch hairs.
M. RUegg: Cold storage causes profound changes
in the distribution of various milk constituents.
Because of the dissociation of casein and
inorganic components from the micelle into the
soluble phase one would expect a change in the
structure and/or average size of the casein
particles. Electron microscopical results
reported in the literature are conflicting
(Schmidt DG, Van der Spek CA, Buchheim W,
Hinz A. (1974). Milchwissenschaft 12, 455-459;
Schmutz M. (1980). Dissertation ETH ZUrich,
Nr. 6651, 48-51). Do you have an explanation
for the discrepancy between the conclusions
drawn from size-measurements on freeze-fractured
milk samples?
Author: Schmutz made measurements in samples
which were cryofixed by means of a propane jet
freezer, whereas Schmidt et al. mixed the sample
with glycerol after which it was cryofixed by
immersion in liquid freon. The presence of
glycerol may influence the measured
distribution. On the other hand Schmutz did not
apply a correction for the facts that the plane
of fracturing generally does not pass through
the centre of the particles and that large
particles have more chance to be fractured than
small particles. We have the experience that
small variation s in the apparent s ize
distribution frequently result in large
variations in the actual size distribution.
W. Buchheim: You have demonstrated that freezedried and s tained cryo-sections of Gouda
cheese give a very detailed view of the protein
matri x . Can you already estimate the
applicability of this method to other types of
dairy products? Doe s the water content of a
sa mple play a si mil ar critical role as it i s
the case during cryofixation for freezefracturing?
Author: Cryo thin-sectioning can be applied to
all types of dairy products. The technique will
be particularly useful for the study of milk
gels suc h as curds and yogurt and, provided
that a cooled specimen stage is available in
the microscope, for the study of high-fat
product s s uch as creams. Also for electron
probe microanalysis cryo thin-sectioning in
combination with a cold specimen stage is the
obvious technique. The water content of the
sample is of much importance. With a low water
content large areas of the sample will be well
preserved during cryofixation, but when the
water content is high only the thin outer
layer of the sample will be frozen free from
artifacts due to the formation of ice crystals.
I think that one has to put up with this
because the alternative, the application of a
cryo protectant such as glycerol, may even be
worse in most cases.
B. Blanc:
Heat treatment of milk affects
rennet-coagulation. In some cases the micelles
do not coagulate at all. Does electron
microscopy reveal any structural features which
could explain the different behaviour of native
and heat-treated casein micelles?
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Author: Severe heat treatments will result
in precipitation of whey proteins on the
micell es a nd complex formation between x- casein
and G- lactoglobulin, which thus influences the
rennet coagulation. The detection of the
precipitated G- l act o globulin is almost
impossible unless the G- lactoglobulin could be
suitably labelled so that the precipitated
protein could be actually observed in the
electron microscope. I do not know such a
labeling technique. The gold labeling, applied
by Schmidt and Both (Schmidt DG, Both P. (1982).
Milchwissenschaft 37, 336-337) for the
location of casein~omponents in casein
micelles cannot be used for the globular
G- lactoglobulin molecules since the latter
would easily be denaturated during the
labeling process.
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Abstract

Introduction

The fluorescence microscope is one of the
most sensitive instruments available for
morphological and microchemical analysis of
biological material, and especially of cereal
grains. Recent innovations in illuminating
systems, fluorescence chemistry, and specimen
preparation have combined to provide significant
improvements over conventional bright-field
microscopy in both specificity and sensitivity.
A variety of relatively specific fluorescent
markers has been devised for routine and high
resolution detection of all major cereal
components. Several examples of useful
fluorescent markers are described, including
appropriate methods for specimen preparation,
fluorescence analysis, and photography.

Mature cereal grains contain a variety of
nutritionally and industrially important
constituents, including proteins, carbohydrates
and lipids, as well as minor compounds such as
phytin, vitamins, phenolic compounds (e.g.
cinnamic acids, flavonoids, lignin), aromatic
amines, nucleic acids, etc. All of these components are synthesized, packaged and stored in
specific tissues, making the three major grain
fractions (the bran, germ and starchy endosperm)
chemically and morphologically distinct from each
other. In short, the mature cereal grain is
highly compartmented, and each morphological
entity possesses distinct chemical characteristics.
In addition to obvious differences in
chemistry and morphology among tissues in a
single kernel, there are pronounced structural
differences between equivalent tissues of
different genera or cultivars, depending upon the
genetic and/or environmental background of the
parent plants. As these dissimilarities reflect
chemical differences and thus determine the
nutritional and processing characteristics of
cereals, it is important to identify the extent
of this variation to provide a sound basis for
further improvements. Typically. tissue
heterogeneity is best elucidated by applying
simple microscopic techniques which define both
the structural and chemical characteristics of
grain components. Fluorescence microscopy is
well suited to this task and, in combination with
various specimen preparation procedures, provides
considerable chemical information, simplicity,
high resolution, and application to both intact
and processed cereal grains. This overview
outlines the advantages of the fluorescence
microscope and illustrates methods for identification of specific cereal components.
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The Fluor e scence Microscope

The fluorescence microscope is one of the
most sensitive chemical instruments available for
cereal analysis, and it is also one of the
simplest and most flexible. A suitable
fluorescence microscope is a bright-field microscope fitted with a high intensity, broadspectrum illuminator, and two filter systems for
(a) providing excitation, or illumination, of the
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objective power. Therefore, fluorescence
intensity, and hence sensitivity, increases as
resolving power increases . This intensity
improvement which is characteristic of epiilluminators, combined with the availability of
improved, high speed films now permits a
satisfactory color or black and white photography
of fluorescent objects in a few seconds, a
fraction of the time previously required with
sub-stage illuminators. All photographs included
in this paper were recorded on Kodak High Speed
Ektachrome (ASA 400).
Several conventional (bright-field) microscopic techniques also may be combined readily
with epi-fluorescence systems for increased
flexibility. Added information may be obtained
by viewing a specimen simultaneously or
sequentially using phase-contrast or polarizing
optics in conjunction with fluorescence optics.
Similarly, many fluorescent stains are also
visible in normal bright-field illumination and
it is often desirable to examine stained specimens with both fluorescence and bright-field
optics. For example, in bright-field
illumination, Congo Red imparts red coloration
to a variety of cereal carbohydrates, but in the
fluorescence mode only mixed linkage 8-glucans
are fluorescent. Most research microscopes are
capable of combining fluorescence epiilluminators with the usual range of conventional
optical systems. The instrument used in this
study is a Zeiss Universal microscope including
a III RS epi-illuminating condenser with three
standard filter systems (see Table I), and
bright-field, polarizing and phase-contrast
optics. Specialized techniques such as
microspectrofluorimetry (Fulcher e t al 1972),
immunofluorescence (Fulcher and Holland 1971;
Craig e t al 1979; Gibbons 1980), and image
analysis using fluorescence systems (Munck e t al
1980) are beyond the scope of this discussion.

Spectral Characteristics of Fluorescence
Filter Combinations

Combination

Exciter
Filter
(transmission
(max., nm)

Barrier
Filter
(transmission
max., nm)

FC I

365

>418

FC II

450-490

>520

FC II I

546

>590

specimen (exciter filters), and (b) eliminating
unwanted (excitation) illumination from the
fluorescent image (barrier filters). Exciter
filters commonly transmit in the ultraviolet,
blue, or green regions of the spectrum and are
inserted between the illuminator and specimen to
maximize the excitation of the fluorescent
compounds under investigation. Barrier filters
are inserted between the specimen and the detector
or ocular to remove all wavelengths, including
excitation, shorter than that of the induced
fluorescence. Thus the fluorescent image is
viewed on a dark or black background and the high
contrast provides the most important characteristic of the fluorescence microscope sensitivity. As little as l0-18 moles of fluorescent material can be detected by microspectrofluorimetry (von Sengbusch and Thaer 1973).
Spectral properties of filter combinations
suitable for cereal analysis (designated FC I,
II and III) are given in Table I. Others are
available and may be used for special
applications.
For most purposes, including cereal analysis,
the fluorescence microscope should be equipped
with an epi- (or incident-) illuminator such that
the excitation illumination is reflected (by
dichroic mirrors) through the microscope objective
onto the uppe r surface of the specimen (conven tional, sub-stage condensers illuminate the lower
surface of the specimen). Fluorescence
microscopy was introduced over seventy years ago,
but it is the relatively recent development of
epi-illuminators which has increased dramatically
both the efficiency and application of
fluorescence microscopy, for several reasons.
first, because the epi-illuminator excites the
top surface of the specimen, there are few
problems with relatively thick sections, such as
loss of intensity and resolution due to diffusion
and absorption of fluorescence within the
specimen. The latter has been a common problem
with older fluorescence microscopes equipped with
sub-stage condensers. Second, because the
objective acts as the condenser, excitation
occurs only in the area of the specimen being
examined, and fading of fluorescence under high
intensity illumination is restricted to the area
of view (sub-stage condensers illuminate large
areas of the specimen). Third, epi-illuminators
dramatically increase the excitation intensity at
the specimen surface with each increment in

S ampl e Pr e paration

Preparative methods which are common to
other light microscope analyses are generally
also useful for fluorescence analysis. These
include most fixation procedures, cryotomy, and
paraffin, epoxy or methacrylate embedding. The
usual criteria regarding good fixation and
embedding apply equally to fluorescence analysis
as they do to other forms of microscopy.
For routine analysis of grains, it is often
sufficient to simple cut relatively thin (10-20
Jlm ) s e c t i on s by hand us i ng a c 1e an r a zor b1ad e and
examine the sections directly for autofluorescence
(see following section) or after the application
of specific fluorescent dyes . Hand-cut sections
offer the advantages of speed and minimal
disruption or extraction of important constituents (e.g. lipids, vitamins) which might
normally be lost to fi~ation, dehydration or
embedding media. Some cereal grains (e.g. oats)
are relatively soft and easily cut with a razor
blade while others (e.g. hard wheats) are best
softened before cutting by soaking in water at
ice temperature. The epi-illuminating
fluorescence condenser permits reasonable
resolution of structures in hand-cut sections.
Similarily, ground or other processed
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Other methacrylate-based procedures may
also be employed where it is necessary to
minimize extraction of cellular components
(especially lipids) during embedding. Hargin et
al (1980) have adapted a modified GMA" embedding
procedure (Pease 1973) for cereal studies which
is particularly useful for retaining neutral
lipids (spherosomes) in situ. The fixed material
is embedded directly in an aqueous mixture of
urea/glutaraldehyde/glycol methacrylate and works
well provided that water levels in the mixture
remain relatively high (>35 %). As with the
previous GMA procedure, the modified-GMA method
readily produces sections of the requisite
thickness (0.2-2 pm).

cereal samples (e.g. flours, concentrates) may
also be readily examined for microchemical
characteristics by fluorescence. Small amounts
of powdered material should be mixed in one or
two drops of fluorescence-free immersion oil
under a cover glass for detection of primary
fluorescence. For analysis after staining however, the nature of both the specimen and the
fluorescent dye must determine the appropriate
technique. Unlike conventional bright-field
dyes, which are always deeply colored, some
fluorochromes are not fluorescent until complexed
with specific substrates. 8-Anilino-l.
naphthalene sulfonic acid (ANS) for example, 1s
not fluorescent in aqueous solution, but is
intensely fluorescent when bound to hydrophobic
sites on proteins (Weber and Laurence 1954;
Gates and Oparka 1982). Thus, proteinaceous
structures in flours or protein concentrates can
be detected readily by mounting the sample
directly in the aqueous fluorochrome solution
under a cover glass; protein residues are intensely fluorescent and no extraneous fluorescence
is evident. In other cases, excess fluorochrome
must be washed from the sample after staining
to minimize background fluorescence.
For high resolution fluorescence analysis,
it is usually necessary to apply fixation and
sectioning procedures which provide relatively
thin sections (0.1-2.0 pm). Again, there are
several techniques available, but the most
useful of these employ glutaraldehyde fixation
followed by glycol methacrylate embedding.
Because mature grains are low in moisture (>15%)
and extremely dense, the most critical preparation step is fixation. It is normally desirable
to prolong fixation times to allow adequate
fixation and hydration of all tissues; apparently,
tissues which are not sufficiently hydrated
subsequently will not embed properly. A typical
preparation schedule requires fixation of l-2 mm
thick slices of grain in 5% (w/v) glutaraldehyde
in 0. l m sodium phosphate buffer (pH 6.8-7.2) for
2-3 days on ice. Acrolein or formaldehyde may be
included in, or substituted for, this fixative
solution for special purposes, but it is
essential that heavy metals such as osmium or
permanganate not be used; many heavy metals
quench primary fluorescence in plant tissues,
or interfere with the reaction of fluorescent
dyes.
After fixation, cereal segments are dehydrated through methyl cellosolve, ethanol, n-propanol,
and n-butanol and infiltrated with glycol
methacrylate (GMA) monomer, and polymerized
following the procedure of Feder and O'Brien
(1968). Polymerized blocks containing tissue
segments are cut to the desired thickness on
glass knives using a Porter-Blum MT-1 ultramicrotome or similar instrument. Sections are
then affixed to glass slides.
GMA is compatible with most aqueous
staining solutions. The plastic is very
hydrophilic and, unlike many epoxy-based embedding resins, does not interfere with staining
reactions. The plastic also permits penetration
by enzymes, allowing selective removal of
cellular components by specific enzymes (Fulcher
et al 1977).
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Fluorescence Microchemistry
(a) Autofluorescence

Many plant tissues contain a variety of
substances which are naturally fluorescent
(autofluorescent) under the appropriate
excitation wavelengths and may be detected
microscopically without further manipulations
or staining procedures. Phenolic compounds are
the most common autofluorescent materials in
cereal grains and generally occur in cell walls
of many tissues. For example, the numerous
trichomes which occur on the surface of an oat
grain are intensely autofluorescent using FC I
(Fig. 1). The identity of the autofluorescent
substance is unknown, but it is readily
detectable under short wavelength excitation.
The intense blue autofluorescence which is
characteristic of the aleurone cell walls of
wheat (Fig. 2) and all major cereal grains is
produced by high concentrations of ferulic
acid, a low molecular weight derivative of
cinnamic acid (Fulcher et al 1972). Ferulate
derivatives also occur in the seed coat (Fig. 2)
and embryo, but not in significant quantities in
the starchy endosperm of mature grains.
Characteristically, fluorescent phenolic compounds undergo a significant shift in
fluorescence emission spectra to longer wavelengths in alkaline conditions. Thus, exposure
of sections to high pH (e.g. ammonia vapor)
prior to examination often produces a dramatic
color shift, as shown by ammonia-treated barley
aleurone cells (Fig. 3). Based on autofluorescence characteristics alone, there is
considerable potential for more precise
identification of cereal components in situ by
microspectrofluorimetry, and for monitoring
concentrations of specific grain substances in
industrial systems, such as flour milling.
(b) Induced (secondary) Fluorescence

Although many cereal compounds may be
autofluorescent, most are not and must be converted to fluorescent compounds by chemical
treatment. This may be accomplished by applying
fluorescent dyes or stains (fluorochromes) or by
inducing a specific reaction in sections in order
to produce a fluorescent product. Specific
fluorescence procedures have been developed at
Ottawa Research Station for most major cereal
components and several examples follow. Some
of the procedures employ common diachromes
(colored, bright-field stains such as Congo Red)
which are also intensely fluorescent under
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appropriate excitation wavelengths. Others, such
as Calcofluor and ANS, are colorless in visible
light and are used only as fluorochromes. In
some instances it has been necessary to adapt spot
test or chromatographic spray reagents for
histochemical use (e.g. for niacin and aromatic
amine detection). Complete details of several of
the following procedures have been described
recently by Fulcher and Wong (1980), Hargin e t al
(1980), Fulcher e t al (1981). Other procedures
(e.g. for phytin and aromatic amines) represent
new tests or improvements to earlier methods and
complete details for their use are included.

induced fluorescent reaction product is similar
in its yellow color to occasional background
protein autofluorescence. Substitution of a
similar reagent (p-dimethylaminocinnamaldehyde ,
DAC) in the original procedure (see Fulcher e t al
1981 for details) produces a bright red
fluorescent reaction product which is quite
distinct from background fluorescence (Fig. 5) .
Cereal bran contains significant concentrations
of o-aminophenol and its glycosides (Mason and
Kodicek 1973; Fulcher e t al 1981) and the
fluorescence colors of authentic o-aminophenol
when reacted with DAB (yellow) or DAC (red)
are visually indistinguishable from the colors
induced in cereal aleurone layers by the same
reagents. These reactions support the
suggestion (Fulcher e t al 1981) that aminophenol
is concentrated in the aleurone cells. Reaction
products with DAB or DAC are not found in the
scutellum.
Similarily, niacin residues can be
demonstrated using a variety of methods based on
detection of glutaconic aldehyde groups following
cyanogen bromide (CNBr) cleavage of the niacin
pyridine ring (Feigl 1979). Following CNB r
treatment, a yellow reaction product may be
induced by reaction with p-aminobenzoic acid or
an orange-red product (Fig. 6) with barbituric
acid (Fulcher e t a l 1981). The latter is
preferable for distinguishing the niacin reserves
from autofluorescent substance s. The reaction is
sensitive and readily demonstrates that niacin
reserves are concentrated in specific sub-units
of aleurone layer protein bodies (Fig. 6) .

(i) Phy tin

Cereal phytin is a crystalline deposit of
myo-inositol hexaphosphate, usually containing
calcium, magnesium, and potassium. It occurs in
the aleurone layer and scutellum of all cereals ,
and is the primary mineral reserve in the grain.
In the past, phytin has been typically identified
in grain sections by polarizing optics (the
crystals are birefringent) or bright-field stains
such as Toluidine Blue 0 (Jacobsen e t a l 1971;
Fulcher e t al 1981). These methods have been
useful but both have limitations to their
specificity. Many other grain components are
birefringent in polarized light, and the typical
red color of phytin after Toluidine Blue 0
staining is not specific to phytin.
In contrast, Acriflavine HCl provides
improved specificity for high resolution
fluorescence detection of phytin crystals.
Sections are stained for 5-15 minutes in 0.01 %
(w/v) Acriflavine HCl in water adjusted to pH
3. l with HCl. They are rinsed in ethanol until
all traces of excess dye are removed, air-dried
and mounted under a cover-glass in fluorescencefree immersion oil. Using this simple procedure,
phytin crystals become fluorescent red when
examined with any of the three excitation wavelength s described in Table I.
The apparent broad excitation spectrum of
the phytin/dye complex demonstrates a significant
advantage of fluorescence analysis. For example,
short wavelength excitation (FC I) permits
simultaneous demonstration of autofluorescent
protein bodies (yellow-orange) and cell wall
ferulic acid residues (blue) as well as the
stained phytin deposits (red) as shown in Fig. 4.
At longer excitation wavelengths (green, FC III),
only the phytin crystals are visible, and in very
high contrast. Thus, fluorescence filter systems
can be manipulated considerably to provide
additional information. The chemical basis of
the phytin/Acriflavine HCl interaction has not
yet been determined.

(i i i) S torage Li pids

Triglycerides are stored in plants in
spherosomes (oil droplets) bounded by a halfunit or monolayer membrane of proteins and
diacylphospholipids (Yatsu 1972, Jelsema e t a l
1977 , Wanner and Theimer 1978). The aleurone
layer and scutellum of most cereals are pa cked
with lipid droplets and lower concentrations
may also occur in the starchy endosperm. Nile
Blue A is an excellent fluorochrome for
demonstrating droplets of neutral lipid and has
been employed together with chemical analysis
of hand-dissected grain fractions) in the first
demonstration of spherosomes in the starchy
endosperm of wheat (Hargin e t al 1980). The dye
can be applied to cereal flours, hand-cut
sections (Fig. 7) or thin sections of modified
GMA-embedded material.
In visible light, Nile Blue A is a deep
blue, water-soluble oxazine dye containing
small concentrations (<3%) of a red, oil-soluble
oxazone derivative (Smith 1908, Thorpe 1907).
However, in the presence of neutral lipids and
short wavelength illumination, the red component
becomes intensely fluorescent yellow and provides
an excellent microscopic marker for cereal lipid
reserves which are typically 60-70% triglyceride
and other non-polar lipids (Sahasrabudhe 1979).
Complete details of the staining procedure
have been described recently (Hargin et al 1980).
Briefly, hand-cut or modified GMA-embedded
sections are stained for 30-60 seconds using
0.01 % (w/v) aqueous Nile Blue A. The sections
are washed briefly, mounted in water and viewed
immediately using fluorescence filter system

(ii) Aromatic Amine s and Nia c in

It is a feature of fluorescence microscopy
that a variety of fluorochromes or procedures
may be available for detecting a particular
compound or functional group. Therefore, a
reagent may be selected to maximize color contrast with background autofluorescence, or to
confirm the identity of specific components. For
example, acidic dimethylaminobenzaldehyde
(Ehrlich 1 S reagent, DAB) was initially used to
locate aromatic amines in cereal aleurone layers
(Fulcher et al 1981). The method is sensitive,
but suffers from the disadvantage that the
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FC II. Lipid reserves become intensely
fluorescent yellow using this simple procedure
and individual spherosomes can be resolved with
little difficulty. Extraction of sections with
hexane before or after staining confirms the
identity of stainable reserves as neutral lipids.
Figure 7 illustrates the distribution of neutral
lipid reserves in a hand-cut section of an oat
kernel. Lipid droplets can also be detected
readily in flours by mixing a few drops of dye
with a small amount of flour and viewing
immediately.
In addition to the marked sensitivity of this
dye in the fluorescence mode, Nile Blue A offers
an additional advantage over other conventional
lipid stains. Unlike the common Sudan dyes and
Oil Red 0 for example, Nile Blue A is watersoluble and can be applied to specimens directly
with little danger of lipid extraction during
staining (presumably, the fluorescent derivative
in Nile Blue A preparations partitions immediately
into oil-rich reserves). In contrast, the common
lipid dyes are applied in organic solvent/water
mixtures. This procedure may extract a portion
of the cellular lipids and invariably produces
non-specific precipitates of dye on sections.

procedure. Other components for which
fluorescent markers are now available include
such diverse components as DNA, flavonoids, and
lignin.
It is a feature of fluorescence microscopy
that two or more fluorochromes may be applied to
a single section or specimen to demonstrate the
distribution of up to several substances
simultaneously. Figure 9 for example, illustrates
a section of oat kernel which has been stained
sequentially with Calcofluor White M2R New
(blue, for S-glucans), propidium iodide (red,
for DNA), the PAS reaction (substituting
Acriflavine HCl for Schiff 1 S reagent to demonstrate starch grains, green), and ANS (bluewhite, for protein bodies). Several other of
the reagents described in this review can also be
used simultaneously, or sequentially, provided
that the staining reactions do not interfere.
Because there are often two or more fluorochromes
available to detect a particular cereal componen~
it is also possible to select dyes to provide
maximum color contrast in sections stained with
multiple fluorochromes (as in Fig. 9).
Concluding Remarks

(i v ) Ce ll Wall Carboh y drat e s

Two fluorochromes, Calcofluor White M2R New,
and Congo Red are excellent microscopic markers
for cereal endosperm cell walls. Calcofluor White
is well known as a general stain for plant cell
walls (Hughes and McCully 1975), and recent
results have suggested that the fluorochrome
exhibits a marked affinity for oat and barley
B- (1+4)(1+3)-n-glucans (Wood and Fulcher 1978).
Congo Red also produces a fluorescent product
with these carbohydrates and is particularly
useful in detecting B-glucan residues in tissues
where blue, autofluorescent phenolic compounds
are indistinguishable from the fluore scence of
Calcofluor-stained structures. Figure 8
illustrates Congo Red-stained components in the
aleurone cell walls of oats (associated with
blue, ferulic acid-rich areas), as well as in
the thick sub-aleurone starchy endosperm cell
walls. Calcofluor-stained material is shown in
Figure 9.
Details of the application of these two
fluorochromes have been described previously
(Wood and Fulcher 1978; Fulcher and Wong 1980)
and further discussion regarding the chemistry
of their interaction with s-glucans and other
polysaccharides is available (Wood, 1980).
Similarly, the use of Aniline Blue as a potential
marker for s-(1 +3)-n-glucans has also been
described (Fulcher e t al 1977; Fulcher and Wong
1980). All of these dyes are simple to use and
provide extremely high contrast for most
applications.

The figures accompanying this review
illustrate only a few of the many fluorescent
markers which are available for cereal analysis.
They have been selected to best demonstrate the
advantages of the fluorescence microscope over
conventional microscopic methods, namely improved
sensitivity, contrast and, in most instances,
chemical specificity. The methods are extremely
simple, rapid and are readily applicable to
many different types of preparations, especially
whole grain s and flour s . It i s anticipated that
these developments should prove to be particularly adaptable for more preci se evaluation of
both the distribution and chemi stry of seed
components by image analysis and microspectrofluorimetry.
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Figure l. A sample of oat grain trichomes
mounted in immersion oil showing intense
autofluorescence. FC I.
Figure 2. A section of outer grain tissues of
wheat showing blue ferulic acid autofluorescence
in the aleurone cell walls (arrows). FC I.
Figure 3. A section of the outer tissues of
barley kernel showing green autofluorescence in
the aleurone cell walls after exposure to ammonia
vapour. FC I I.
Figure 4. A section of wheat aleurone cell s
showing red fluorescence in phytin granules
(arrows) after staining with Acriflavine HCl.
Blue autofluore scence i s also vi s ible in the
ce ll walls (*) and aleurone protein bodi es are
yellow. FC I.
Figure 5. A hand-cut section of oat kernel
s tained with dimethylaminocinnamaldehyde (DAC)
to show fluore scent red deposits of aromatic
amines (arrows ) in aleurone cells. FC II.
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Figure 6. A section through wheat aleurone
cell s showing fluorescent orange niacin reserves
(arrows) in the aleurone protein bodies after
treatment with cyanogen bromide/barbituric acid.
FC II.
Figure 7. A hand-cut section of oat grain
demonstrating fluorescent yellow lipid reserves
after staining with Nile Blue A. FC II.
Figure 8. A section of oat grain showing
fluorescent red stained aleurone and endosperm
cell wall components (arrows) after Congo Red
staining. Ferulic acid residues are
autofluorescent blue. FC I.
Figure 9. A section of oat grain stained using
ANS, propidium iodide, Calcofluor White M2R New,
and PAS treatments. Cell wall mixed-linkage
B-glucans are blue, starch granules are green,
nuclear DNA is red, and starchy endosperm protein
bodies are blue-white. FC I.
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A. Bridges: In some methods for fluorophore
induction further sensitivity is achieved by using
gaseous reactions and controlling the humidity.
Would you expect a similar advantage for any of
the procedures you mention? If so, have you
tried using gaseous reactions for any of the
examples you give?
Author: Gaseous reagents, if available, are
advantageous in preventing or minimizing
migration or extraction of cellular components
during fluorophore development. In fact, the
test for niacin employs cyanogen bromide vapor
for this reason and the method is described fully
elsewhere (Fulcher and Wong 1980).

Discussion with Reviewers
J.M. Faubion: What are the limitations of the
fluorescent technique (both in application and
interpretation)? The initiated scientist may be
inclined to plow ahead with this obviously
powerful technique without an understanding of
what it can and can 1 t do.
A. Bridges: These techniques appear quite
straightforward. Are there any cautions or
warnings we should heed if we apply them to
other plants or food materials?
Author: The primary limitations are chemical.
~essential that chemical studies parallel
microscopic tests to establish the identity of
seed components which autofluoresce or
interact with fluorochromes. Once reasonable
confidence in the identity of the appropriate
compounds has been established, microscopic
analyses may be conducted rapidly to provide
considerable chemical information. In most of
the examples illustrated in this overview,
extensive chemical characterizations have been
conducted over several years and are described
in detail in the cited references. Extrapolation
of staining results to biological systems other
than cereals should be made only after similar
studies are completed.

A.A. Urquhart: You state that Nile Blue A is a
specific fluorochrome for non-polar lipids. Is
there any evidence that Nile Blue A stains a
particular component of the non-polar lipids?
Author: Chromatographic evidence indicates that
the dye is intensely fluorescent in association
with triglycerides and less so with mono- and
diglycerides.
A.A. Urquhart: Are there any fluorescent stains
for polar lipids?
Author: Chromatographic studies also indicate
that an additional component in Nile Blue A
provides a fluorescent product with fatty acids
and other polar lipids. However, in the
conditions of the present study this interaction
has not been exploited and does not interfere
with spherosome detection. Studies are in
progress to establish the chemical basis of
this interaction.

J.M. Faubion: For Figure 9, does the order of
fluorochrome application affect the image quality
or information content? In fact, could you
elaborate on fluorochrome compatibility?
Author: Certainly the order of fluorochrome
application will influence both image quality
and information content. For Figure 9, for
example, the PAS reaction was conducted first
because the periodic acid adversely affects any
staining reactions applied prior to the periodate.
In addition to pH, one must also consider
staining times, solubility of fluorochrome, and
stability of tissue when devising multiple
staining procedures. In general, staining
specificity becomes less reliable as more
treatments are used. Most microscopists would
have little requirement to employ more than two
stains simultaneously, and Figure 9 is used only
to demonstrate that more than one component can
be visualized in one section. It should also
be noted that non-fluorescent dyes can be used
in sequence with fluorescence methods to quench
non-specific or background fluorescence and thus
increase contrast.

A.A. Urquhart: Is there any evidence to suggest
that treatments during processing of cereal
grains might alter the specificity of reactivity
of a stain for a particular compound? In other
words, if, during processing, staining for a
particular compound is no longer evident, can
you be sure that processing has extracted that
compound, or is there a possibility that
processing has modified the compound so that the
specific compound-stain reaction is eliminated?
Author: This is a dilemma which sooner or later
confronts every microscopist and often it is by
no means certain that lack of staining indicates
absence of stainable substrate. Thus it is
essential that food microscopists be fully
familiar with the physical and chemical processes
by which products are manufactured, and it is
equally important that methods selected for
microscopic preparation be understood and devised
to provide minimal modification of components
under investigation. All manipulations of raw
materials will produce some degree of alteration
during industrial processing or preparation for
microscopy.
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Abstract

Introduction

Cryofixation, freeze-etch techniques were used
to study the structure of cake batters made from
a lean cake formulation before heating and after
heating to temperatures up to l00-l02 °C. Batters
were prepared without added emulsifiers and with
saturated and unsaturated monoglycerides replacing
5 and l 0% of the oil. Unsaturated monoglyceri des
were more effective than saturated monoglycerides
in dispersing oil droplets through the batter.
Saturated monoglycerides formed liquid crystals
during baking. The temperature at which starch
granules began to swell was slightly higher for
saturated monoglyceride containing cakes. The
batter matrix between starch granules was more
clearly defined in unsaturated monoglyceride
containing cakes.

In a study of the effects of variations in
the emulsive system on the structural and dynamic
properties of cake batters (Cloke, 1981 ), it was
found that the level and type of emulsifier affected heat transfer properties, water loss rates,
air incorporation in batter, final cake structure
as well as water loss rate upon reheating the
cake. The integration of studies of food microstructure with other studies of changes at the
molecular level as basis for understanding these
macroscopic characteristics is described by Davis
and Gordon (1982).
In this paper we report observations made
with the freeze-etch technique of batter systems
emulsified with saturated monoglycerides (SMG) and
unsaturated monoglycerides (USMG).
The freeze-etch technique as applied to
batter can be employed to assist in characterizing
cake batter structure (Hsieh et al., 1981 ). It
can be used to evaluate physical or structural
events as they take place during heating of the
batters. As such, it is useful in establishing
interrelationships that exist among the components
of complex macroemulsive systems. More specifically, changes in starch granule, oil, emulsifier
and baking powder morphology as well as the distribution of batter components relative to one
another can be observed. The observed physical
changes are most likely the result of changes at
the molecular level occurring in the system.
However, the observations that are reported in
this paper are made at the ultrastructural level
and, as such, supplement other techniques such as
differential scanning calorimetry (DSC) (Cloke,
1981) that document change at the molecular level.
These techniques, in turn, can be used to explain
the macroscopic changes related to final cake
structure and dynamic characteristics related to
water loss rates and heating profiles during
baking.
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Final manuscript received June 28, 1982.
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Materials and Methods
Test batter formulation
The cake formulation is given in Table l.
Details of the modified two-stage mixing method
can be found in Cloke (1981). Specifically,
flour and baking powder were sifted together, and
the oil (and emulsifier, if part of the

K~Y WORDS:
Freeze-etch; cake batters; monoglycerldes; starch gelatinization; differential
scanning calorimetry-cake batters; starch
granules; emulsifiers; lipid mesophases; oil
dispersion; food microstructure.
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Table l.
Ingredient

Test Formula
Quantity
%
%
g
(flour basis)

Cake flour a
150.0
Baking powderb
7. l
(Sodium aluminum
sulfate-phosphate)
Shortening
41.8
Corn o i l c and
Monoglycerided,e

25.3

l 00.0
5.0

7. l

27.9

Sucrose solution
Sucrose
167.4
28.2
Distilled water
107.0
38.2
Additional
distilled water l9.5f + 100.0

and E. A. Da vi s
emulsifier:water:oil ratios and temperatures were
used in the test bakings. Phase diagrams of SMG
and USMG were used to select the combinations of
water that were tested. The pretreatment for
each emulsifier that gave the most acceptable
cake in terms of volume, symmetry, cell structure
and crust characteristics was selected for all
further studies (Cloke, 1981).
Freeze-etch technique
The cryofixation freeze-etch procedure has
been described by Hsieh et a l . ( 1981 ) . Sue rose,
at the high concentration present in our batters,
served as the cryoprotectant to prevent ice crystal formation. No additional cryoprotectants
were used. Each sample of batter was placed in a
specimen support disc, then frozen in liquid
Freon 22 at -l60°C. The specimens were fractured
ina Balzers freeze fracture apparatus at -l05°C.
Etching took place for 2 min before the specimens
were shadowed with platinum and carbon from a
Balzers electron beam gun at an angle of 45°. The
replicas were strengthened by the evaporation of
carbon at a 90° angle. The batter components
were dissolved from the replicas by flotation for
5-7 days in a solution containing 50 % household
chlorine bleach and 50% distilled water. The
replicas were placed on formvar-coated slot grids
and examined in a Philips 300 TEM microscope at
an accelerating voltage of 60 kV.

lll. 6
151 . 0

aSoftasilk, General Mills
bCalumet, General Foods Corporation
cMazola, Best Foods
dDimodan PV, Grinsted Products: Mainly 85-90%
glycerol monostearate and 10-15% glycerol
monopalmitate (referred to as SMG). When SMG
was used, it was heated to 60°C in 19.5 g
water and allowed to cool to room temperature
before being incorporated into the batter.
eDimodan 0, Grinsted Products: Mainly 70%
glycerol monooleate (referred to as USMG).
When USMG was used, it was heated to 60°C in
19.5 g oil and allowed to cool to room
temperature before being incorporated into
the batter.
f
19.5 g water was added to batters containing oil
alone or oil plus USMG, in order to maintain
~ompa~able volumes with oil plus SMG systems
1n wh1ch 19.5 g water was added with the SMG.

Results and Discussion
As the first step in the study of the structure of emulsified batters, we examined the
appearance of individual components of the system
after dispersion in 42 % sucrose, which is the
concentration of sucrose present in the batters.
The morphology of baking powder, starch from
flour, and oil when using replicas in TEM, as
shown in Hsieh et al. (1981), served as the basis
for identifyin g these components in batters, the
appearance and transformations of which is the
subject of this paper.
Baking powder in the batters did not undergo
an observable morphological change in the 40 to
l02oc range. Although some of that originally
present may have reacted or dissolved in the
batter, recognizable structures were still present at l02°C.
Oil droplets also did not undergo an observable morphological change in the 40 to 102 oc
range and looked similar in appearance as those
seen in Fig. l. Fractures always occurred
through the droplet.
Both the initial size distribution of the
oil droplets (Fig. l) and the changes in size
distribution with heating (Fig. 2) were related
to the emulsive system present in the batter.
Unemulsified and SMG batters initially had a few
small oil droplets and tended to form pools of
oil (Fig. l ). After heating to l02°C, both the
unemulsified and SMG batters showed irreaula~y
shaped oil pools between amorphous starch granules (Figs. 2a, b). USMG batters initially
showed both large and small droplets. This type
of distribution of oil in the USMG batter persisted up to l02°C (Fig. 2c).
No structures assignable to USMG were

formulation) and sucrose solution were added.
The batter was mixed for 3.5 min with a mixer
(Kitchen-Aid Model K45). The additional distilled
water was added and the batter was mixed for an
additional 3 min. Two-hundred-twenty grams of
b~tter was weighed into an aluminum pan (15.2 em
d1am. x 3.2 em deep). All cakes were baked in a
specially designed environmental oven for 25 min
at l9loc (± l°C) and an air flow rate of
10.1 m3/hr. Details of the construction and design of this oven are given by Godsalve et al.
(1977).
The temperature of the batter was monitored
by thermocouples placed at the center of the cake
and 7 mm above the pan base. The oven door containing the thermocouple setup is shown by Gordon
et al. (1979). Batters were removed from the oven
once a certain temperature was reached and immediately sampled from the center position. Batters
were sampled for freeze-etch procedure at room
temperature (i.e., unbaked), 90°C, 95°C and l02°C.
Two replications of each batter type and temperature were made.
The choice of pretreatment method for dispersion of emulsifiers was based on the results
of preliminary test bakings. Various
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Fig. l.

Freeze-etch micrograph of oil droplets
from a 5% saturated batter (unheated).

observed above room temperature. USMG was heated
with oil to 60°C before it was added to the
batter. It may have become associated with the
oil prior to batter formation resulting in the
fine dispersion of oil droplets observed in the
batter.
SMG, in contrast to USMG, had distinct
structural features which could be detected read ily. Prior to batter preparation, SMG was dispersed in water and heated to 60°C. While some
SMG may have formed mesophases, some appeared
crystalline as can be seen in Fig. 3a for 10%
SMG batter. Here we can see a surface fracture
of an SMG particle. SMG appears to be made of
layered sheets. At ggoc (Fig. 3b), a different
crystal-like structure appears which is not
associated with oil. According to Krog and
Lauridsen (1976), a viscous isotropic and water
mesophase could exist at this temperature. By
94°C (Fig. 3c), SMG partially encased oil droplets. Furthermore, SMG appears to be in lamellar
or layered sheets similar to those present i n the
unheated batter (Fig. 3a). By the time the
batter reached l00°C (Fig. 3d), SMG-oil interactions are once again observed with a variety of
lamellar and crystalline forms present. It seems
that SMG is present in several mesophase forms.
Thus, the oil/emulsifier/water system can be
considered a three-phase system with a significant portion of the emulsifier present in mesophase structures. These micelles constitute a
reserve from which emulsifier molecules can move
to expanding interfaces to stabilize the interfaces. Furthermore, at some of the oil/water
interfaces, the emulsifier is present in multilayers which would be expected to contribute to
the stability of the system. The significance of
presence and type mesophases in relation to
starch transformations will be discussed following presentation of granule transformation.

Fig. 2.

779

Freeze-etch micrographs showing oil
distribution at the batter setting stage.
(a) Unemulsified batter heated to l02°C
(b) 10% saturated batter heated to l00°C
(c) 10% unsaturated batter heated to
l02°C

J. D. Cloke, J. Gordon and E. A. Davis

Fig. 3. Freeze-etch micrographs of the saturated emulsifier taken from 10% saturated monoglyceride
batters at various stages of heating: (a) Unheated batter; (b), (c) and (d) heated to 89 ° , 94° and 100°C
respectively.
Fig. 4. (a) Surface
and (b) through
fracture freezeetch micrographs
of starch granules
from unheated,
unemulsified
batters.
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Fig. 5. Freeze-etch
micrographs of
surface fractures
of starch granules
from:
(a) Unemulsified
batter heated to 90°C
(b) 5% saturated
batter heated to 89°(
(c) 10% saturated
batter heated to 89°(
(d) 5% unsaturated
batter heated to 87°C
(e) 10% unsaturated
batter heated to 88°C.

As expected, the morphology of the starch
granules changed during heating. Some of these
changes, as observed by the cryofracture freezeetch technique, were described in an earlier study
of simplified model batter systems (Hsieh et al.,
1981 ). However, there are some features of these
morphological changes that occur at different
times or in a slightly different manner when SMG
or USMG are present in the batter. These differences may have implications for final cake structure as will be reported in a subsequent paper.
If we look at the surface of a starch granule in unheated batter (Fig. 4a), we observe a
non-uniformity of surface structures that cannot
be specifically attributed to protein, lipid,
sucrose, or starch membranous material. Similar
bumpy structures were also observed on starch in
sucrose solution in the freeze-etch study of Hsieh
et al. (1981). The cross-fracture for starch
granules was difficult to obtain in unheated
batter. In the example shown in Fig. 4b, the
edges are clearly fractured with no evidence of a
membrane on this granule. A fine granular appearance is present as described by Hsieh et al.
(1981 ). All unheated batter formulations give
similar results.
By 87°C to 9l°C, the starch granules began
differentiation from those in nonheated batters,
and cross-fractures were frequent. By 94°C,
almost all starch granules cross-fractured. By
l02°C, there are no surface fractures of starch
granules.

The temperature at which starch begins to
change appearance (87-9l°C) is altered by the
presence of emulsifier. In Figs. 5 and 6, we show
differences between unemulsified and some emulsified batters for surface and cross-fractured
starch granules, respectively. We can see that
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Freeze-etch micrographs of through fracture of starch granules from batters with different
treatments heated to 87-9l°C. (a) Unemulsified batter heated to gooc (arrow points to rim);
(b) 5% saturated batter heated to 9l°C; (c) 10% saturated batter heated to ggoc; (d) 5%
unsaturated batter heated to 87°C (also showing baking powder with sucrose solution); (e) 10%
unsaturated batter heated to 89°C; (f) 5% saturated batter heated to 94°C.
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Fig. 7.
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Freeze-etch micrographs of through
fractures of starch granules at the
setting stage from batters with
different treatments.
(a) Unemulsified batter heated to 102°C
(b) 5% saturated batter heated to 100°C
(c) 10% saturated batter heated to
1oooc

(d)
(e)

5% unsaturated batter heated to
102°C
10% unsaturated batter heated to
102°C

(S = starch; 0 = oi 1; H = hi 1urn region of starch)
USMG batter (Fig. 5e) has an appearance mid-way
between those in unemulsified batters and SMG
batters. The cross-fractures through the starch
granule in the unemulsified batter show distinct
rims (arrow, Fig. 6a) that are present in the
early stages of starch granule swelling. The
reason for the formation of these rims is not
known. It may be an initial stage in the plasticization of the granule with concomitant flow toward the edges. It is also possible that release
of the soluble components is restrained by a membrane. However, the cross-fractured granules
from unheated batters showed no evidence of such
a membrane. Furthermore, in a study of granules,

the surface structure of granules in the unemulsified batter (Fig. Sa) is more smooth and layered
than that of granules from the 5% and 10% SMG
batter (Figs. 5b and 5c), respectively. The 5%
USMG batter (Fig. 5d) shows a starch granule surface similar to the unemulsified one, but the 10%
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utilizing ultra-low temperature microscopy, no
evidence of a membrane was found (Davis and
Gordon, 1978). The SMG batters contain starch
granules that have few granule changes (Figs. 6b,
c). The 5% USMG batter (Fig. 6d) contains starch
granules that have a rim similar to those found
in the unemulsified batter. The 10% USMG batter
has starch granules (Fig. 6e) that have undergone
some changes but not to the extent found in the
unemulsified batter. Based on the criteria of
presence of cross-fractures, granularity of
interior, as revealed by cross-fractures, and
development of a rim at the edge of the granule,
the swelling order at about 90°C is:
unemulsified > 5% USMG > 10% USMG > 5% or 10% SMG.
Size of granule is not a useful criteria for this
purpose because of the initial size variations and
the uncertainty as to where the fracture occurs in
the granule. It is not until 94°C that the SMG
batter contains granules with rims (Fig . 6f) that
closely approximate those seen at 90°C for the
other systems.
At the time of thermal setting of the batter
(l00-102°C), all starch granules have swollen and
the internal appearance of granularity is different (Fig. 7). All batter preparations contain
starch granules with nondescript boundaries, such
as those seen for unemulsified batters in Fig. 7a.
Batter with 5% SMG has some starch boundaries that
were more clearly defined (Fig. 7b). Batter with
10% SMG (Fig. 7c) had less clearly defined starch
boundaries. The boundaries between starch granules in USMG batters were also clearly defined,
and there was less contact between granules than
was the case in SMG batters. The oil appeared to
be more finely dispersed throughout the matrix
surrounding the granules. In Fig. 7e, the dispersion of the oil at the boundary of a group of
overlapping starch granules is shown. Therefore,
before the time of thermal setting, USMG disperses
through the batter matrix, assuming that it remains closely associated with the oil. SMG,
however, must undergo a series of phase changes
(Figs. 2 and 3) before it becomes effective in
encasing the oil later in the baking process (at
about 95 °C). Simultaneously, the initial stages
of st~rch granule swelling are developed as shown
in the sequences in Figs. 5 and 6. Eventually,
all of the granules will undergo similar swelling
at a higher temperature. Also, the matrix material between granules is more developed in the USMG
batters at the time of swelling.
In interpreting these studies, it should be
remembered that all experiments were carried out
at the high sucrose concentration typical of cake
batters. This has the advantage of studying the
transformation as it occurs in batter. It has the
further advantage in freeze-etch studies that the
sucrose served as the cryoprotectant so that additional cryoprotectants were not required. Inhibition of swelling and elevation of gelatinization
temperatures in model systems containing high
sucrose concentrations was studied by Bean and
Yamazaki (1978).
This, together with the starch:water ratios
present in the batter, may account for some of the
differences between starch transformation in the
batters that we observed and those observed by

others working with starch:monoglyceride :water
systems in different concentration ranges.
The freeze-etch data presented here do no:
provide direct evidence of complexing of the enulsifiers with starch at the molecular level. D;c
studies of this system (Cloke, 1981) indicated
that the enthalpies of the starch transitions JP
to l20°C are the same, although the onset of t e
transition was delayed slightly at the 5% leve· of
SMG. This result is supportive of the observations made with the freeze-etch technique whic r
focuses on the changes at the ultrastructural
level.
The critical role of water in starch gran ule
transformation has been emphasized by many worers. Marchant and Blanshard (1978), in interp ·eting their small angle light scattering studies of
starch granule transformation, felt that water
must enter the starch granule by diffusion in
order for molecular changes to occur. Van
Lonkhuysen and Blankestijn (1974, 1976) suggested that the monoglyceride micelle may form
around the starch granule, or at least adhere o
the surface of the granule. In this view, the
monoglyceride does not enter the granule, althcugh
it may be tightly bound to it even at relative ·y
low temperatures of 30°C. The monoglyceride wculd
then act as a barrier to entry of water as sug~es
ted also by El iasson et al. (1981).
If the monoglyceride does not enter the granule, enthalpies for starch transitions, as mea~ur
ed by DSC, and by implication the changes in
molecular conformation of the starch components,
would not be affected by the presence of monog lycerides as was, in fact, observed in our earliEr
study (Cloke, 1981) and by El iasson et al. (19 El)
for potato starch.
From our freeze-etch studies of batters at
room temperature (e.g., Fig. 3) it appears that
much of the SMG remains in discrete particles at
room temperature. From the distribution of thEse
particles, it appears that close associations tetween SMG and the granules did not occur. While
detection of monomolecular layers closely associated with the starch granule is beyond the res olution of our method and, therefore, cannot be r led
out, it would appear that SMG would be unable to
interact with the starch granule to any great
extent in the initial stage. USMG appears to
affect the oil droplet distribution, but if it has
an effect on the starch in the initially unhea ted
batter, it cannot be seen at this stage of the
batter development.
The freeze-etch studies of the transforma t ion
of SMG during heating reported here document tre
phase changes of SMG. If SMG requires mass trc:nsport of water into its crystalline structured ring these phase changes, starch swelling may bE
delayed because of decreased availability of water
for many of the chemical and physical transformations that precede or accompany swelling. In some
of our earlier work with a variety of emulsifiErs
(Hsu et al., 1980) and in the investigation of the
saturated and unsaturated monoglyceride batters
(Cloke, 1981) in which water loss rates were m nitored during baking, it was shown that ,
generally, the mass transfer of water out oft e
cake is delayed during this period of baking i n
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the presence of an emulsifier. Therefore, the
water must be participating in some interactions
even if it is blocked from the granule. Participation in emulsifier phase changes and oil micelle
effects are possible explanations.
In our DSC studies (Cloke, 1981) SMG phase
changes were observed to begin in the range of
57-59°C. Enthalpy changes were noted as oil and
water were added, which suggest the formation of
an SMG-water mesophase. Freeze-etch data show oil
surrounded by SMG structures at 95°C, but similar
structures were not found to surround starch granules. Other workers have attributed a surface adsorption role to the emulsifier. For example,
Jongh (1961) stated that the adsorption of glycerol monostearate to the surface of the starch
granule led to flocculation of previously stable
starch suspensions. Thus, our freeze-etch studies
do not confirm a surface adsorption role for the
monoglycerides either in the initial or later
stages of granule transformation.
The potential for complex formation between
amylose, and, to a lesser extent, amylopectin and
lipids including monoglycerides has been recognized for many years. Many of the studies of complex formation were made with extracted amylose or
amylopectin. When the granule is considered,
either isolated from its original site or in the
presence of other constituents found in its natural environment, as in the case of flour, the site
at which complexing occurs (e.g., intra- or
ex-granule), the stage in the heat-induced transitions at which it occurs, the consequences of
complex formation on other aspects of the heatinduced transitions (most commonly - granule
swelling, viscosity, extractability of monoglycerides (Krog, 1981 )), as well as effects on overall
product quality, have been the subject of much
argument. Therefore, care must be taken to compare experiments that are measuring the same phase
transitions or properties in starch gelatinization
as Donovan (1977) has stated so clearly in the
past.
The extent of complex formation with amylo se
is related to molecular structure of the lipids
(Krog, 1981). Conformational differences between
saturated and unsaturated monoglycerides are considered to be one basis for these differences.
SMG, more than USMG, was observed in our studies
to have an inhibitory effect on swelling of
starch granules during heating.
For saturated monoglycerides, the nature of
the mesophase has also been considered to play a
role in the extent of gelatinization ( Krog and
Nybo-Jensen. 1970). It may be simply that the
dispersion state influences the distribution of
the monoglycerides throughout the system. Recently, however, Krog (1981) suggested that monoglycerides are adsorbed onto the granule surface
in the s-crystal form and then are transformed to
a liquid crystalline phase as the active form for
complex formation. In his view, reduced granule
swelling as a result of complex formation makes
more water available for other reactions. As
pointed out earlier, we saw no extensive adsorption of SMG on granule surfaces by freeze-etch
technique. We suggest also that availability of
water may be decreased by mass transport of water
into the mesophase.
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The stage in starch transformation at which
monoglyceride-amylose complexing occurs is not
clear, although some DSC studies indicate that
complex formation comes after the original conformational changes in the starch. In our DSC
studies, we saw no changes in enthalpy of starch
transitions in the presence or absence of monoglycerides (Cloke, 1981 ). However, observations
of Kugimiya et al. (1980) and Kugimiya and
Donovan (1981) suggest that complexing occurs just
after the initial granule transformation and that
the complex disorders in the range of 95-l04 °C.
The relationship of this sequence to the mechanism of granular swelling as observed by freezeetch is not clear, although the overall
differences in swelling between SMG and USMG were
observed.
Therefore, the observations made with the
freeze-etch technique can be explained either by
amylose-monoglyceride complex formation or by the
effects on water transport of phase changes of
monoglycerides. Since there were no morphological
changes or differences in thermal requirements in
this temperature range, it would tend to support
the water transport mechanism. This does not
exclude complex formation and/or melt at higher
temperatures. Similarly, the decreased effectiveness of USMG in delaying granule swelling may be
because USMG does not complex as readily with
amylose or that it does not undergo phase changes
in that temperature region.
Conclusions
The reactions occurring in cakes are many and
complex. This paper examined, by freeze-etch, the
role of monoglyceride emulsifiers during baking.
In lean formula cakes where the shortening is a
corn oil, USMG was more effective than SMG in dispersing oil droplets throughout the batter. SMG
formed liquid crystals during baking, during and
after which it played an active role in starch
swelling due either to complexing ability or water
transport involvement. Although monoglycerides do
not alter the energy of transitions that the molecules present in starch undergo, they do alter the
temperature at which swelling of the granule begins. Evidence from other studies showed that SMG
with its better amylose-complexing ability delayed
swelling more than USMG. At about 95 °C, granules
began swelling in SMG and USMG batters. Towards
the end of baking, starch granules from SMG
batters had swollen and in some batters were virtually indistinguishable from unemulsified
batters. Cake batters made with USMG could be
differentiated from the others by more evenly
distributed oil droplets and by the development
of a more clearly-defined matrix between starch
granules.
This information on the initial batter
structure and the transitions that occur in
batters during heating as obtained by freeze-etch
techniques can be integrated with other types of
information such as heat transfer properties and
water loss rates to explain differences in final
cake structure (Davis and Gordon, 1982).
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Discussion with Reviewers
J. Holme: The paper suggests one or two mechanisms
by which decreases in water availability may result in less starch swelling and/or water loss
from batter systems. Could you comment if and how
EM might also be of value in demonstrating the
role of other normal cake batter constituents,
such as egg white and milk, in the thermal setting
process of batter systems.
Authors: We have a study of this type in which
dry nonfat milk solids additions are added to the
lean formula described in this paper. We are
measuring the macroscopic properties of the baked
cake such as volume, color, cell structure; dynamic properties such as heat transfer and water
loss rates and hope to correlate these with the
microstructural changes observed with EM. We hope
to characterize the changes in the microstructure
of the components of the nonfat milk solids such
as lactose and casein as well as changes in the
components described in this paper such as oil,
starch granules, and intergranular matrix. Studies, such as those of Buchheim, of the microstructure of milk products (Buchheim, W. A comparison
of the microstructure of dried milk products by
freeze-fracturing powder suspensions in nonaqueous media. Scanning Electron ~1icrosc. 1981;
III. 493-502), will aid in characterizing the
initial structures before heating the batters.

Eliasson AC, Larsson K, Miezis Y. On the possibility of modifying the gelatinization properties
of starch by lipid surface coating . Starch. 33,
1981; 231-235.
Godsalve EW, Davis EA, Gordon J, Davis HT . Water
loss rates and temperature profiles of dry cooked
bovine muscle. J. Food Sci. ~. 1977; 1038-1045.
Gordon J, Davis EA, Timms EM. Water-loss rates
and temperature profiles of cakes of different
starch content baked in a controlled environment
oven. Cereal Chern. 2§._, 1979; 50-57.
Hsieh S-I, Davis EA, Gordon J. Cryofixation
freeze-etch of cake batters. Cereal Foods World
~. 1981 ; 562-564.
Hsu EE, Gordon J, Davis EA. Water loss rates and
scanning electron microscopy of model cake systems
made with different emulsification systems.
J. Food Sci.~. 1980; 1243-1250,1255.
Jongh G. The formation of dough and bread structures. I. The ability of starch to form
structures, and the improving effect of glycerol
monostearate. Cereal Chern. ].§_, 1961; 140-152.
Krog N. Theoretical aspects of surfactants in
relation to their use in breadmaking. Cereal Chern.
58, 1981; 158-164.

P. S. Pesheck: Have you looked for starchmonoglyceride complexes by X-ray diffraction or
tried to measure water activity in the presence of
SMG or USMG?
Authors: We are planning to do X-ray diffraction
studies in the next phase of our studies. We have
determined the water activity of the cake Crumb
after baking. The values were in the range of
0.89 to 0.92 and did not appear to be related to
the type of emulsive system being used.
11

Krog N, Lauridsen JB. Food emulsifiers and their
associations with water. In: Food Emulsions,
S. Friberg (ed.), Marcel Dekker~c., NY, 1976;
67-l 39.
Krog N, Nybo-Jensen B. Interaction of monoglycerides in different physical states with amylose and
their anti-firming effects in bread. J . Food
Techno l . ~. 1970; 77-87.
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P. S. Pescheck: I m intrigued by the bumpy
structure in Figure 4a. Have you seen them in
systems which don•t contain sucrose? What if you
froze a suspension in oil -would you see them
there too?
1
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Authors: We have not prepared any samples without
sucrose. The sucrose, in addition to its presence
in the formulation, served as the cryoprotectant.
Whether freezing in a suspension of oil without
cryoprotectants would be successful would have to
be investigated. Ultra-low temperature microscopy
is an alternate approach.

from partially-cooked batters results in significant cooling and physical stress prior to freezing
in liquid freon. Does this sampling procedure induce artifacts in the specimen?
Authors: Artifacts are always a possibility, but
we tried to minimize the time between sampling and
freezing, and to remove the sample with minimum
handling. The batter remains quite fluid up to
102oc, so that it is easily sampled. In the
100-102oC range, structure is just beginning to
form so, again, the crumb is not subjected to
cutting stress.

D. D. Christianson: Do you have evidence for
amylose solubilization and retrogradation in your
batters? See Hoover and Hadziyev. Starch. 10,
1981; 346-355.
Authors: We did not attempt any measures of solubility.
If amylose solubilization occurred, the
soluble amylose would become part of the intergranule matrix. In the freeze-etch studies, the
matrix for USMG appeared to be more developed. It
would be tempting to interpret this observation as
support for increased solubilization of amylose in
presence of USMG as compared to SMG, but further
study is needed to support this interpretation.
SEM micrographs of starch granules from batters
made with several different emulsifiers are given
in Hsu et al. (1980). In these cases, a matrix is
observed, but it is not fibrous appearing as shown
by Hoover and Hadziyev. Ropey structures similar
to those shown by Hoover and Hadziyev were observed occasionally in cakes baked in microwave ovens.
They were observed in potato starch viewed at
ultra-low temperatures (Davis and Gordon, 1978).
D. D. Christianson: Do you think that the SMG
actually enters the granule and complexes with
amorphous amylose inside the granule? Does this
prevent solubilization? Because the thesis is
hard to get at for the reader, I feel it would be
valuable to include some backup DSC data, especially where oil-water-emulsifier play a key role in
starch surface transition.
Authors: As we point out in the text, this question of the site of monoglyceride amylose interaction can only be answered indirectly in studies
of this type. The freeze-etch technique can give
information on the overall effects on the granule
swelling. DSC studies give information on the
enthalpies, and, as a result, conclusions about
the conformational changes can be drawn. But
neither technique unambiguously pinpoints the site
of the interaction. Furthermore, it is our view
that the question of amorphous amylose regions
within the granule needs further investigation.
One approach would be to form amylose-iodine
complexes and then investigate the binding location of iodine with X-ray microanalysis.
Details of the DSC studies are given by Cloke
(1981 ). As we point out in the text, in the
batter formulation we did not see the endothermic
peaks for complex formation reported by Kugimiya
et al. (1980) and Kugimiya and Donovan (1981).
However, almost all DSC studies show that the
temperatures of onset of the peaks and enthalpies
depend on starch:water ratios among other things.
Thus, for our specific formulation we do not
observe changes in enthalpy when emulsifiers,
either USMG or SMG, are added although the temperatures of onset of peak change slightly.
R. G. Fulcher:

Presumably, removal of samples

187

FOOD MICROSTRUCTURE, Vol. I (1982), pp . 189-208
SEM Inc., AMF O'Hare (Chicago), IL 60666, U.S .A .

ASPECTS OF SAMPLE PREPARATION FOR FREEZE-FRACTURE / FREEZE-ETCH STUDIES OF
PROTEINS AND LIPIDS IN FOOD SYSTEMS. A REVIEW
Wol6gang Buehheim
Institut fur Chemie und Physik der Bundesanstalt
fur Milchforschung,
D2300 Kiel
Germany

Abstract

Introduction

To select optimum specimen preparation methods
and to correctly interpret freeze-fracture/freezeetch micrographs of food systems a detailed knowledge of the individual steps of preparation -- i.e.
chemical fixation of samples, their cryoprotective
pretreatment, cryofixation, freeze-fracturing and
-etching, and replication -- and of their influence
on the appearance of different constituents,
especially proteins and lipids, is necessary.
Food systems show great variation in composition,
structure and especially in their content of water
-- e.g. molecular and colloidal solutions, oil-inwater and water-in-oil emulsions, gels suspensions,
semi-solid systems such as cheese, dried systems
such as milk powders -- thus requiring a careful
variation of preparatory conditions.
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During the past two decades, the freeze-fracture/freeze-etch technique has become one of the
major methods for preparing biological systems for
electron microscopic studies. Considerable progress
has been made in developing and modifying various
preparatory techniques, in optimizing the individual steps of preparation, in improving the interpretation of micrographs and, last but not least,
in recognizing the various types of artefacts
which can develop during each of the individual
steps of preparation. The present knowledge about
the different aspects of freeze-fracture/freezeetch sample preparation, primarily confined to
biological systems, has been repeatedly compiled
in the literature (3, 4, 9, 10, 20, 25, 28, 30, 3336 ' 46 ' 53- 61 ' 67) .
Two characteristics of the freeze-fracture/
freeze-etch technique are its applicability to
systems with any given water content and the mainly
physical nature of the individual steps of preparation by which the fine structure of proteins and
lipids can be made visible down to molecular dimensions. Since proteins and lipids are the main
constituents of many foods, and since their mutual
interaction influences the physical properties of
the products, the freeze-fracture/freeze-etch
technique has become one of the major techniques
used in studying the microstructure of foods.
Although the general progress in the freezefracture/freeze-etch methodology for biological
specimens has influenced the preparatory methods
for food systems and the interpretation of micrographs, many aspects of food sample preparation
are different from those for normal biological
systems. Some characteristic features of food systems are the finely dispersed state of proteins
and lipids as e.g. in milk products, the extremely
varying water content between different products,
and the variability in the degree of aggregation
of proteins and lipids as a consequence of processing treatments.

W. BUCHHEIM

The main objective of this review is, therefore, to compile the various preparatory aspects
and experience of freeze-fracture/freeze-etch
studies of proteins and lipids in food systems. In
individual sections, the different steps of sample
preparation, i.e. chemical fixation, cryoprotective
pretreatment, cryofixati on procedures for aqueous
and non-aqueous systems, freeze-fracturing, freezeetching, and replication will be treated only in
so far as they are specifically related to the
preparation of food samples or the visualization
of their microstructure. For a more detailed information about the methodology and related problems the reader is referred to the general freezefracture/freeze-etch literature.
1. Chemical fixation
When the freeze-fracture/freeze-etch technique
was introduced as an alternative to thin-sectioning, there was a general optimism that chemical
treatments such as fixation with glutaraldehyde
and osmium tetroxide would no longer be necessary,
because the cryofixation of biological specimens,
especially of tissue samples, was believed to preserve native structure. Although this is true in
some cases, structural changes induced by the cryoprotective pretreatment (see Section 2) have been
detected which could be largely eliminated by
chemical prefixation with glutaralddehyde (9, 10,
25' 67).
Whether food samples need to be chemically
fixed depends mainly on whether there is a risk
that the cryoprotective agents introduce artefacts
in unfixed samples. In any case, chemical fixation
should only be performed under strictly controlled
conditions in order to reduce possible structural
side effects to a minimum.
In the following text a few personal experiences are summarized in order to draw attention to
possible problems with chemical fixation. First of
all it should be emphasized that the cross-linking
effect of fixatives such as glutaraldehyde will induce more serious changes in sols than in systems
with an already organized, i.e. cross-linked
structure (gel). For example, the effect of glutaraldehyde on a protein solution might be the formation of artificial aggregates whereas the network structure of a system like Cottage cheese is
probably further stabilized. We have observed such
a distinct formation of aggregates in a 3.5% solution of s-casein (9). Without fixation a more or
less uniform distribution of the individual protein
particles (10-20 nm in diameter) was found
(Fig. 1), whereas a 1-hour fixation with 1% glutaraldehyde produced a pronounced degree of particle
aggregation (Fig. 2) which was accompanied by a
visible increase in the turbidity of the solution.
When glutaraldehyde acts on protein sols of
higher concentrations such as a 12% soy protein
sol, it immediately transforms it into a solid gel
and also induces a certain degree of protein aggregation (23).
Recently we observed another effect of glutaraldehyde which obviously has not been generally
taken into account. We measured a considerable drop
of pH value of about 0.4 units in skim milk fixed
with 1% glutaraldehyde, although the fixing solution ( 10% glutaraldehyde in milk serum) had been

Fig . 1 and 2. Freeze-fract ured preparations of an
unfixed (Fi g. 1) and a g lutaralde hyde-fixed (Fig. 2)
3 . 5% solution of 8-casein , both cryoprote cted with
33% glycerol . Aggregation of casein particles (A)
occurs as a result of cross-linking by the fixa tive.
Bars, 0.5 lJm .

adjusted to the original pH value of the milk. This
pH drop resulted in an irreversible reduction of
the viscosity of the milk of about 10%. This reduced viscosity has to be ascribed to structural
changes of the protein particles. Since similar
pH-related effects occurred only with caseins or
whey proteins, it is obvious that a glutaraldehyde
fixation of protein sols requires careful control
of pH during the addition of the fixative and also,
where possible, direct electron microscopical examination of possible fixation artefacts .
These few examples demonstrate that our present knowledge of the effects of chemical fixation,
especially on molecular and colloidal solutions of
proteins, is not sufficient to predict all the consequences of such a treatment.
Finally, experimental conditions will shortly
be described which require chemical prefixation
prior to any further preparatory steps. As will be
further outlined in Sections 3, 4, and 6, the
freeze-fracture/freeze-etch methodology enables us
to make structural details visible in different

790

FREEZE-FRACTURING OF FOODS - A REVIEW

ways by modifying the aqueous phase of the specimen. For all deep-etching experiments (see Section
6 ) , we need pure d i s t i ll e d water ( or at 1e as t a
highly diluted aqueous phase) in order to make the
true outer surface of the aggregates visible without risk of contamination from dissolved material .
Since proteins are sensitive to such drastic environmental changes (e . g. casein micelles disintegrate into casein submicelles when the original
milk serum is replaced by distilled water), their
structural organization must be chemically fixed
in advance. Furthermore, it will be shown that it
can be advantageous to freeze-fracture and freezeetch an originally aqueous system in a non- aqueous
medium such as dioxane or ethanol (12, 27) in order
to modify the fracturing characteristics or to improve the cryofixation. Of course, such experimental conditions require similar chemical pretreatments (glutaraldehyde and/or osmium tetroxide fixation as in preparing specimens for thin-section ing) in order to stabilize the system during the
dehydration step.
2. Cryoprotective pretreatment
The formation of ice crystals within highly
hydrated specimens is caused by insufficiently high
cooling rates during the so-called standard freezing, i. e . the immersion of the specimen into melting Freon, propane, nitrogen, e t c . (see Section 3).
Since these freezing artefacts modify the original
structure, they have to be overcome either by previous cryoprotection or by using one of the soca 11 ed ultrarapi d freezing techniques (see Section
3). The general principle of cryoprotective pretreatment as a preparation step in the freezefracture/freeze-etch technique has been repeatedly
reviewed (25, 34 , 61) and, therefore, further information can be confined to special problems
related to the preparation of foods for electron
microscopy .
Whether a food sample needs any cryoprotecti on
at all must be decided according to the occurrence
and/or degree of structural modification . If only
certain structural components or phases of a system
are of special interest, and if they are not affected by ice crystallization, these artefacts may be
tolerated.
The commonly preferred cryoprotectant is glycerol. If a homogeneous mixture of 2 volumes of
distilled water and 1 volume of glycerol is frozen
by the standard freezing method and properly
handled during the entire freeze-fracture/freeze etch procedure (in order to avoid any recrystallization), the degree of ice crystallization is
tolerable.
We, therefore, dilute aqueous liquid food
systems, such as colloidal solutions, emulsions, or
suspensions to 33% glycerol so that the largely
artefact-free freezing of the aqueous phase is
guaranteed. The homogeneous mixing of a liquid
sample with glycerol is generally achieved by careful magnetic stirring for about 5 min. If an
aqueous food sample has a non-liquid, i .e. gellike structure, small pieces of this specimen are
immersed in adequately buffered solutions with the
above-mentioned glycerol concentration. After 10
to 20 min, pieces of 1 to 2 mm are usually completely penetrated.
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Whether the standard freezing procedure produces detectable ice crystals in a specimen and,
therefore, requires cryoprotection,depends not only
upon the absolute content of water but also upon
whether the water is mainly free or is more or less
bound. Therefore, many cheese varieties such as
Gouda, Camembert, or process cheese, having a
water content of up to 60 or 70% within the fatfree substance, can be prepared without any cryoprotection (29, 62), although pretreatments of such
samples in a 30% solution of glycerol also have
been described (21).
According to our experience, a glycerol concentration of 20% does not suffice to prevent significant ice crystallization in a system like skim
milk, although such conditions have been used (24) .
The corresponding micrographs, therefore, do not
appear to be free of artefacts.
The question, \'ihi ch may arise with reference
to the cryoprotection step, is to what extent it
may introduce structural changes, i. e . artefacts,
within the specimen. With glycerol such effects
have been observed within biological systems, e . g.
swelling of mitochondria, transformation of laminar
endoplasmic reticulum into a vesicular state, or
plasmolysis within plant cells (9, 10, 34, 67).
Not too much is known about the exact influence of glycerol on food samples. In an earlier
study we compared the size distribution of casein
micelles in a glycerol-free skim milk preparation
with glycerol-pretreated preparations and varied
the glycerol concentration between 20 and 60% (v/v).
There were no significant differences between the
different samples (49). Of course, this result
does not exclude possible negative effects on other
protein systems. Possibly, the monomer-polymer
equilibrium in protein solutions is disturbed in
the presence of higher glycerol concentrations,
but such studies have not yet been made . In another
case we observed considerable swelling of a heatinduced 12% soy protein gel when the sample was
immersed into 30% glycerol (23) .
These few observations make it clear that the
glycerol treatment has to be carried out with some
caution although glycerol impregnation is still an
almost ideal method of cryoprotection.
Finally, it should be mentioned that glycerol
is very suitable as a binding medium between a
specimen of higher density (e . g . hard cheese or
systems like butter or margarine) and the specimen
holder (29, 43-45, 62). In addition to the benefit
of higher mechanical stability of the specimen during freeze-fracturing, the removal of the specimen
from the holder after thawing is facilitated using
this water-soluble intermediate layer .
3. Cryofixation of aqueous systems
A complete physical fixation of the original
fine structure of a specimen by quick freezing is
the prerequisite for the optimum use of the
freeze-fracture/freeze-etch technique. The main
problem encountered during freezing is the formation
of ice crystals, which causes further alteration of
the original structure by concentrating dissolved
or particulate constituents in the 'eutectic' phase
between the ice crystals. The crystal size is mainly a function of the freezing rate . An ideal degree
of cryofixation is achieved if the crystal size
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measures approximately 10 nm. For highly hydrated
biological specimens and food samples with a similarly high water content, cooling rates of
10,000 K per second and more would be necessary to
achieve this crystal size (34). Nowadays,twodifferent principles of freezing are distinguished.
The so-called standard freezing technique involves
the direct immersion of the specimen (1 to 2 mm 3
in volume) in coolants such as melting Freon 12
(dichlorodifluoromethane) or Freon 22 (monochlorodifluoromethane) at 113 K, liquid propane at 83 K,
or melting nitrogen at 63 K (25, 34, 61). This
more popular procedure results in cooling rates
of only some 100 K/sec and, therefore, generally
produces ice crystal artefacts in highly hydrated
samples which can only be suppressed by adequate
cryoprotection (see Section 2). Alternatively,
several so-called ultrarapid freezing techniques
have been developed which result in considerably
higher cooling rates (2, 4, 11, 13, 17, 19, 37,
47). Although a cryoprotective pretreatment can
be omitted when using these techniques, the high
degree of structural preservation is restricted
to very small sample volumes of about 10- 6 mm 3 or
very thin samples (10- 20 ~min thickness).
The capabilities and limitations of the two principles of freezing are described in the following
sections.

Fig. 3. (facing page). A skim milk sample, cryofi xed
by the standard freezing technique without previ ous
cryoprotection, segregates into ice crystals (IC)
and a network-like eutectic phase (EP). This phase
contains solutes (salts, lactose) and particu la te
constituents (casein (C) and whey proteins) . .Vote
that some casein micelles (CM) and a small li pid
vesicle (L) remained within the ice phase. Bar,
0.5 ~m.
Fig. 4. An uncryoprotected heat-coagulated 12% soy
protein gel exhibits a pattern similar (alth ough
with smaller ice crystals) to the skim milk (see
Fig. 3). This is p robably due to the higher pro te in
content and th e ge l structure itself. This artificial network is considerably coarser than the
true gel network which is shown in Fig. 9-11. This
preparation has been slightly freeze-etched. (IC =
eutectic phase; P = isolated protein particles vri thin ice crystals). Bar, 0.5 ~m.
Fig . 5 and 6. Microscopically small water (s erum)
droplets in water-in-oil dispersions like margarine
(Fig. 5) and butter (Fig. 6) solidify without significant ice crystal growth during the standard
freezing technique. In a freeze-fractured prEParation (Fig. 5), protein a ggregates (P) are clearly
detectable in such droplets, whereas freeze-Etching
(Fig. 6 ) produces a coarse pattern. The fine structure of th e fat phase indicates crystallized (C)
as well as originally liquid (L) components.
Bars, 0.5 ~m.

3.1. The standard freezing technique
Although the standard freezing technique is
an effective and s trai ghtforwa rd procedure, the
amount of ice crystal damage to be expected within a sample and the need for a cryoprotective
pretreatment must first be determined. The easiest
way to check this is to cryofix such a sample with
and without cryoprotection, and, if possible, also
to compare the resulting fine structure with that
obtained by other preparatory techniques, e.g.
thin-sectioning. Ice crystal formation during
freezing depends not only upon the absolute water
content but a 1so on the degree of its orderliness
within the sample, as has been outlined in Section
2. As a general rule, structural damage by ice
crystallization has to be expected in systems
which contain more than 80% water.
Ice crystals in such highly hydrated systems
normally measure approximately 1 ~m. This is demonstrated in Fig. 3, showing a skim milk sample,
and in Fig. 4, showing a 12% heat-coagulated soy
protein gel (17, 23), both frozen by direct immersion into melting Freon without any cryoprotection. These two examples demonstrate the main
features of inadequate freezing. The ice crystals
appear as very smooth areas in purely freezefractured, i.e. unetched, preparations which are
surrounded by the 'eutectic' phase, where the
dissolved constituents (salts, lactose etc.) and
the particulate constituents (small lipid particles, casein micelles, soy protein particles) are
concentrated as thin lamellae. If the ice phase
had been removed, the 'eutectic' phase would appear raised and would present a three-dimensional
honeycomb-like network.
Figures 3 and 4 demonstrate further that
occasionally some particulate constituents may
remain within the ice phase. A comparison of the
average ice crystal size in both samples

Fig. 7 and B. Casein micelles (C) are partially
adsorbed at the surface of the droplets form Ed
when ski m milk (SM) is eith er prepared by spLayfreezing (Fi g . 7) or by the emulsion freezin g
t echnique (Fig. 8). BB =butyl b enzene phase;
PA =paraffin phase . Bars, 0.5 ~m.

demonstrates that because of the lower water activity of the protein-bound water in the soy prctein
gel, the crystal growth is somewhat reduced.
Of course, an insufficient concentratior or
incomplete permeation of the cryoprotectant nay
also introduce such effects, either to a les er
degree or only in certain areas of the specinen.
It should be mentioned, however, that a less than
perfect cryofixation of a sample, i.e. the sanple
contains ice crystals, does not necessarily ~ re
vent a complete structural characterization cf the
individual components, such as the fat globu les
in Fig. 21 and 24 or the lipid vesicles in Fig. 27.
Nevertheless, a freeze-fracture/freeze-ftch
preparation generally should be free of such artefacts. As examples of good cryofixation see ~ig. 1
and 2. If network-like patterns occur on frefzefracture/freeze-etch micrographs of highly hydrated
and not cryoprotected specimens, it is probatl e
that they represent freezing artefacts and net
real structures. Such misinterpretations can easily
occur during studies of gel structures because
these systems consist of a network structure . These
problems have been discussed recently in gre 2ter
detail ( 23).
Some examples of probable misinterpreta io ns
are summarized: Allen et al. (1) applied the standard freezing technique to not cryoprotected E%
starch gels and found a network structure wi h
interstices of 0.6 to 2 ~m which strongly re5emb led
the segregation patterns described above.
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Comparable structures have been found in gelatin
gels (7, 64), gels of a- and B-casein (8), vicia
faba protein gels (48), and potato starch gels
(63). In all these studies the authors have considered the resulting network structure as the
real gel structure instead of representing freezing artefacts.
In contrast, Tomka and SpUhler (65) have carefully taken into account the consequences of inadequate cooling rates during freeze-etch studies
on gelatin gels. They realized that the conditions
during standard freezing produce network structures
which are far too coarse to be considered to be
the true original structures. They demonstrated,
however, that if only small gel droplets of 0.3 mm
in diameter were cryofixed by immersion into melting Freon, the ice crystallization diminished towards the surface of the droplet and the true gel
structure became visible in a narrow zone. The
characteristics and dimensions of the gelatin network were found to be similar to those observed
with chemically fixed and stained thin sections.
These results demonstrate very clearly that
gel structures should be cryofixed under very controlled conditions in order to avoid misinterpretations. The application of ultrarapid freezing
techniques, therefore, appears to be the most appropriate for such systems (see Section 3.2.).
Whereas the formation of freeze artefacts is
highly probable in systems with approximately 80
and more per cent of ( free water, not too much
is known about the freezing properties of systems
with lower contents of free water. As already
mentioned in Section 2, the standard freezing of
systems like Gouda, Camembert, and process cheese,
which still have 60-70% water within the fat-free
substance, does not produce ice crystals of measurable size (29, 62). But in these systems, the
water is uniformly distributed in a very dense
matrix of proteins and peptides and, therefore, has
to be considered as mainly bound water.
Systematic studies on the freezing properties
of systems having a lower water content but a continous water phase, e . g . oil-in-water dispersions
(emulsions), have not yet been made. In contrast,
dispersions (emulsions) of the water-in-oil type
such as margarine and butter have been studied by
freeze-fracturing/freeze-etching (14, 45). The
finely dispersed aqueous phase with droplet diameters of up to 10 ~m and more exhibited a very
low degree of ice crystal formation as can be seen
in Fig. 5 (margarine, freeze-fractured) and in
Fig. 6 (butter, freeze-etched). The reason for the
absence of larger ice crystals in these droplets
cannot be due to a higher cooling rate because of
the low thermal conductivity of the fat phase.
Perhaps the greater degree of supercooling of such
small volumes is responsible for this effect.
Starting from this observation, we developed a
special freezing technique, the so-called oil emulsion freezing technique, which will be discussed
in greater detail in Section 3.2. However, the results obtained with margarine and butter, the
water content of which is approximately 15% (v/v),
do not allow further conclusions to be made for
such systems with higher water contents.
1

3.2. Ultrarapid freezing techniques
Great efforts have been made to overcome the
limitations imposed by the insufficiently high cooling rates of the standard freezing techniques. The
aim was not only to avoid any cryoprotective pretreatment and chemical fixation but also to fix
the original fine structure just at the moment of
freezing. This seems important especially for
highly dynamic systems, and to allow a real freezeetching, i.e. sublimation of ice to any desired
depth for making surface structures visible.
However, it has been recognized that a negligible growth of ice crystals during the freezing
of pure water or highly hydrated systems can only
be achieved if the sample volume or thickness is
substantially smaller than during standard freezing, namely of a magnitude of 10 ~m (diameter of
droplet-shaped specimens or thickness of thinlayer specimens). This limitation prevents a general application of ultrarapid freezing techniques
and, in addition, requires highly sophisticated
equipment. Nevertheless, considerable progress has
been made by applying such freezing techniques to
biological samples as well as to food systems.
A very effective ultrarapid freezing technique
is the spray-freezin g t echnique of Bachmann and
Schmitt (2-4). It is only applicable to fluid systems such as colloidal solutions, emulsions, and
suspensions, because the sample has to be sprayed
directly into liquid propane (83 K), thereby forming very small droplets (up to 10 ~m and more in
diameter). In addition to a possible supercooling,
the temperature of such small droplets is reduced
so rapidly that under proper experimental conditions
the size of ice crystals does not exceed values of
5-15 nm, which in most cases has to be considered
as a sufficient degree of cryofixation .
The normal method of handling the frozen droplets is to replace the propane by another suitable
liquid, e . g. n-butylbenzene (melting point 185 K),
at temperatures well below the recrystallization
temperature ( e . g . 188 K) and finally to freeze
1-2 mm 3 of a highly concentrated suspension of the
frozen droplets in this second liquid mounted on
normal freeze-fracture specimen holders by immersion
into liquid nitrogen.
This technique has been often used to study
the size and shape of hydrated macromolecules such
as ferritin (3), fibrinogen (5), and enzyme complexes such as pyruvate dehydrogenase (26). The main
advantage of this preparatory approach is that the
dissolved macromolecules can be made visible by
subliming the surrounding ice to any desired depth,
if the concentration of salts e t c . is low enough.
If two different macromolecular solutions are independently sprayed into the same volume of propane and one solution is labelled with known particles such as polystyrene latex spheres, molecular
weight (particle weight) determinations can be performed simply by counting particles per unit area
on the micrographs (3).
We have used this technique for studying the
monomer-polymer equilibrium of B-casein (16) and
the size and molecular weight of a-lactalbumin and
B-lactoglobulin (51).
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Should this technique be applied to systems
containing aggregates which react sensitively to
shear forces, attention should be paid to possible
structural changes (deformations) during droplet
formation. In protein-containing systems such as
skim milk we observed an adsorption of casein micelles at the droplet surface. This must be taken
into account, especially for quantitative measurements (Fig. 7).
Recently further ultrarapid freezing techniques have been developed which are also mainly
applicable to fluid systems or systems which allow
for preparation as thin films. All these alternative methods have not yet been applied to food
systems but appear to be equally suitable for liquid samples and possibly also for gel-like samples.
Lepault and Dubochet (30) demonstrated that
particulate suspensions, when put between two
25 ~m-thick copper pedestals spaced by a 0.03 mm
thick microscope grid (sandwich t echni que ) could
be cryofixed without substantial ice crystal formation by plunging into nitrogen slush. This type
of specimen has to be freeze-fractured in a special apparatus (19).
The so-called p ropa n e j e t freezing technique
represents another alternative method for ultrarapid freezing of aqueous specimens. In a special
apparatus, two jets of liquid propane are blown
simultaneously from opposite directions onto a
thin film (approximately 12 ~m), sandwiched between conventional freeze-fracture specimen supports (37), resulting in a reduced ice crystal
growth due to a high cooling rate. Recently, a
special application of this technique has been described for freezing samples from temperatures
higher than room temperature and thereby studying
phase transitions of phospholipids (66) . Robards
and Severs (47) recently compared the cooling
rates achieved within such a sandwich specimen
when frozen in a propane jet device and when alternatively plunged by hand into liquid propane, and
found no substantial differences.
As another alternative, the so-called oilemul sion freezing t e chn ique will be described here,
although the re sulting low degree of ice crystallization is rather induced by greater supercooling
than by faster cooling rates. As already described
in Section 3.1., microscopically small water
(serum) droplets in systems like butter and margarine exhibit a high degree of cryofixation despite
comparably low cooling rates (14, 45). Similar effects are obtained if any hydrated system whatever
is finely dispersed in an oil phase and this emuls i on i s frozen i n qua ntit i e s of 1- 2 mm 3 on norm a1
specimen support by immersion into melting Freon
or other suitable coolants (12, 13, 17, 23). This
particular freezing technique does not require
any sophisticated equipment and need not be carried
out under stringent experimental conditions. For
the oil phase we generally use paraffin (type:
viscous), if necessary, with some oil-soluble
emulsifier (monoglycerides or polyglycerol esters).
One part of the aqueous phase is dispersed mechanically into 10-20 parts of the oil phase so that
the majority of the droplets have a diameter between 5 and 10 ~m and the droplets are homogeneously distributed within the oil phase. Further details will be found in the literature (12, 13, 17,
23).
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We applied this technique repeatedly to fluid
systems like milk, to systems with an organized
structure such as animal tissue, and also to systems which are able to undergo (reversible or irreversible) sol-gel transformations. Of course,
the mechanical disintegration step can introduce
structural damage but this effect has to be evaluated individually. For example, casein micelles
in skim milk or protein particles in general show
a tendency to be accumulated at the oil-water
interface in a manner similar to that seen with
spray freezing (Fig. 8). Such uneven distributions
have to be taken into account for quantitative
measurements (e. g . particle densities).
A special application of this freezing technique is the study of sol-gel transformations (16,
23). For this purpose a gelling system is dispersed
within the oil in the sol state, the individual sol
droplets are protected against fusion by an effective emulsifier and then the emulsion is kept under
such conditions (heating or cooling) that gelation
occurs within the small droplets. The structure of
the gelling phase can be cryofixed at any desired
state. We have demonstrated the effectiveness of
this procedure with heat-coagulated soy protein
gels (16, 23). Fig. 9 shows the distribution of
the protein particles within this type of gel
after freeze-fracturing (no etching!) and Fig. 10
and 11 show this gel after freeze-etching. Compared
with the coarse artificial network obtained after
standard freezing of gel pieces (Fig. 4),it is obvious that the true structure is characterized by
a much denser and finer network.
Recently we applied this technique to studying sol-gel transformations of gelatin. Fig. 12 shows
the structure which is obtained when a 1% sol of
gelatin (dispersed in paraffin) is frozen from a
temperature of 333 K, whereas Fig. 13 shows the
structural transformations which occurred within
the small droplets when the emulsion was stored
for 2 days at 277 K and was then frozen without
rewarming. Both micrographs represent conditions
after the sublimation of ice, i . e . after freezeetching. Although the fine network of the gel
state, which largely conforms to the characteristics reported by Tomka and SpUhler (65), can be
seen very clearly, the micrograph of the gelatin
sol also shows a certain,though considerably lower
degree of aggregation. Whether this somewhat uneven distribution of the particles reflects the
true original structure or whether a slight uncontrolled reduction in the sample temperature during
handling caused this aggregation, could not yet
be ascertained .
4. Cryofixation of non-aqueous media
For some liquid substances, which are either
components of foods such as oils and fats or are
used as embedding media, e . g . glycerol, paraffin,
and polyethylene glycol, the cooling rates, which
are obtained during the conditions of standard
freezing, suffice to suppress any recognizable
crystallization. We have used pure glycerol, paraffin (type: viscous), and polyethylene glycol (mol.
weight 400) for suspending different kinds of dried
powdered milk products and thereby achieved suitable
conditions for freeze-fracturing such systems (18).
The structural characterization of semi-solid fat
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Fig. 9, 10, and 11. Freeze-fractured (Fig. 9)
and freeze-etched (Fig. 10 and 11) samples of
a 12% heat-coagulated soy protein gel prepared
for electron microscopy using the oil emulsion
freezing technique (i.e. dispersion of the sol
in paraffin and th ereafter heating the entire
system to 358 K for 30 min for sol-gel transformation). The protein particle density in Fig. 9
characterizes the type of network of this gel.
Locally, parts of singl e protein strands (PS)
become visible. After freeze-etching (175 K, 1
min), at a higher magnification (Fig. 11) the
arrangement of protein (P) and protein-free
spaces (PF) reveals the true dimensions of this
network. Bars in Fig. 9 and 10, 0.5 ~m; bar in
Fig . 11, 0.1 ~.

Fig . 12 and 13. For legends see the facing page .
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Fi g . 12 and 13 (facing page , bottom). Using the
oil e mulsion freezing techniqu e , reversible
structural changes b e tween the sol state (Fig . 12)
and the gel state (Fig. 13) of a 1 % gelati n-inwater system can be studied simply by adequate
tempering of the emulsion (at 333 K for th e sol
state and at 277 K for the gel state) before
cryofixation. Both figures show fr eeze - e tch e d preparations (163 K, 5 min). Whereas th e gelatin gel
has a pronounced fibrous network (Fi g . 13), the
protein particles seem to be loosely aggregated
in the sol state (Fig. 12). (Possibly this slight
aggregation does not r e flect th e true situation at
333 K, but is a result of an uncontroll ed drop in
the temperature during handlin g of the specimens
before freezing). Bars, 0.5 ~m.
Fig. 14. Casein micelles (CM) in skim milk (33 %
glycerol) occasionally show strong plastic deformations (PD) after freeze-fracturi n g . Th e
smooth structure of the milk serum phase indicates
the absence of any contamination or s ublimation
artefacts. Bar, 0.5 ~Fig. 15, 1 6 , and 17. Re nn e t- coagu lated casein micelle s (fixed with glutaraldehyde) are us ed as an
exampl e to d e monstrate the striking differences
which occur during freezing and fracturi n g in
aqueous and non- aqu eous media. In Fig. 15, the
original coagulum (cryoprotected with 33% glycerol) has been freeze-fractured. In Fig . 1 6 (freezefractured) and Fig. 17 ( freeze - etched) , the coagulum has been dehydrated to 100% dioxa n e . In an
aqu eous medium , the casein aggregates (C) are
always cross-fractured, whereas in a non-aqueous
medium s u ch as dioxane these aggregates are predominantly s urfa ce-fractured (Fig. 16) . This surface - fract uri n g either results in views of the
par t icle s u rface (1) or of th e complementary depressions in the dioxane matrix (2). To sublime
the dioxane matrix ( Fig . 17), freeze - e tching was
performed for 2 . 5 min at 173 K; the specimen was
thereafter cooled to 14 3 K for replication.
Bars , 0.5 ~m .
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phases is also enhanced because of these favourable freezing characteristics. The distribution of
liquid and crystallized fat in systems such as
butter and margarine can be clearly determined in
micrographs due to the amorphous appearance of the
originally liquid fat (14, 43-45). Similar distinctions between the liquid and crystallized
states of fat fractions (before cryofixation)can
be made within freeze-fractured fat droplets, i . e .
if the fat phase is present in a dispersed state
such as in a dairy cream (15).
Furthermore, organic solvents such as toluene,
dioxane, and ethanol have been substituted for the
water of originally aqueous systems (coagulated
casein micelles, yoghurt, soy protein gels, and
also animal tissues). Such solvents were used with
chemically fixed systems (12, 23, 27). During cryofixation of such specimens under standard conditions, the extent of crystallization of the solvents appeared to be much less pronounced than
with water. This special modification of freezefracturing/freeze-etching previously aqueous
systems could, therefore, be advantageous not only
because of improved structural preservation during
cryofixation, but also because of different fracture characteristics (see Section 6) and because
of the possibility of deep etching (see Section 7).
5. Freeze-fracturing
The freeze-fracturing of a cryofixed specimen
can be performed in different ways and at different
temperatures. The optimum conditions depend largely
on the type of specimen, on the type of equipment,
and on whether a controlled low-temperature sublimation (•freeze-etching•) of volatile constituents
such as water shall follow the cleavage of the
specimen. For further details, the reader is referred to the literature (25, 55, 59, 61).
For producing a freeze-fractured preparation,
it is necessary to replicate the freshly cleaved
surface of the specimen immediately after fracture
and to avoid any contamination or sublimation which
may introduce peculiar artefacts (46). In our laboratory, where a Balzers BA 360M freeze-etching
unit is used, usually a specimen temperature of
153 K is chosen for performing the freeze-fracturing, and the evaporation unit (electron gun) is
started shortly before the final fracture. Under
such conditions, highly reproducible freeze-fractured preparations without any recognizable contamination or sublimation artefacts are obtained.
Proteins and lipids are affected by the
cleavage process in a distinctly different way. If
we freeze-fracture single protein molecules or
small oligomers in solution, those particles are
mostly plasticly deformed or even torn apart. After
replication they become visible as small, mostly
10-20 nm wide particles, always protruding out of
the surrounding ice (50). The apparent size of
these deformed particles is related to the actual
(molecular) weight and also to their structure,
i.e. molecules with a loose, random coil conformation (e .g. B-casein) generally appear larger in
freeze-fractured replicas than compact globular
proteins (e. g . a -lactalbumin or B-lactoglobulin).
As an example for this typical fracturing of molecular protein aggregates, see the B-casein particles in Fig. 1 and 2 or the soy protein particles
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in Fig. 9.
If proteins form larger aggregates, e . g . casein
mi celles in milk or even larger aggregates due to
various clotting processes, the fracture plane always runs through such highly hydrated aggregates
at the same level as through the surrounding ice
but the molecular particles within such aggregates
are affected similarly to isolated particles.
The plastic deformation during freeze-fracturing does not only occur with macromolecules in solution but also in biological systems, especially
within biomembranes and crystals (e . g . catalase),
and in various types of non-biological polymers
(20, 30, 54, 55). Although the degree of deformation is reduced with decreasing fracturing temperatures, it may still occur at temperatures of
4 K (54). This phenomenon is probably related to a
dissipation of heat as a result of the fracturing
event. However, it should be taken into account that
at higher cleavage temperatures elastic recontraction or collapse of deformed structures, either
immediately after the separation of the opposing
fracture faces or during etching and replication,
may lead to replicas showing a considerably higher
degree of complementarity (54). We have found that
occasionally complete casein micelles in milk are
greatly deformed during freeze-fracturing (at 153 K).
This is demonstrated in Fig. 14. The horn-like
protrusions resemble those of latex spheres (54).
In spite of the effects of plastic deformation of
proteins, freeze-fractured preparations (without
any contamination or sublimation artefacts) of
colloidal protein systems are generally most informative and also especially suited for quantitative measurements (32, 49).
It is an additional experience that the structural characterization of very dense protein matrices such as in cheese is facilitated by studying
only freeze-fractured preparations (29, 62). These
matrices differ from normal protein aggregates by
the gradual enzymic degradation of protein molecules
into peptides. In freeze-fractured preparations
the relatively small differences between size,
shape, and density of the remaining particles are
more evident than after a subsequent sublimation
of ice (compare Fig. 33 and 34).
If proteins are studied in the dry state, as
e . g . in dried milk or in dried protein concentrates,
the fracturing characteristics and the fine structure resemble those of the hydrated state (18).
As a result of our structural comparison between
different dried milk products we found distinct
differences in the apparent size of globular whey
protein particles and randomly coiled casein particles.
The freeze-fracturing characteristics of protein aggregates in organic solvents such as toluene and dioxane differ markedly from those in
aqueous media (12), as most aggregates are no
longer cross-fractured but surface-fractured. This
fundamental difference is demonstrated in Fig. 15,
16, and 17, presenting micrographs of the same
type of sample (rennet-coagulated casein micelles
fixed with glutaraldehyde). Recently Kalab (27)
freeze-fractured a (chemically fixed) yoghurt
sample in ethanol and subsequently dried it for
scanning electron microscopic studies. He observed
similar differences between the fracturing of the
protein aggregates in an aqueous and in the
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phase . (III): The complementary view after such a
fractu r e reveals th e inner surface of the fat
globu l e membrane (iM) to which s ma ll portions of
fat (F) occasionally adhere (Fig . 20). (IV): Only
rarely do fractures between th e outer surface of
the fat gl obul e membra n e (oM) and the serum occu r.
In Fig . 21 the fat globule membrane has been
partially removed, exposi ng the outermost layer
of the fat core (F). In Fig . 21 i ce crystallization occurred despite glycerol cryoprotection .
This is probably du e to inadequate mixin g with the
milk. (IC: ice crystals; EP: eutectic phase) .
Bars, 0.5 ~m .

Fig. 18, 19, 20, and 21. Fat glob ul es in fresh,
not cooled milk exhibit 4 major fracture types .
(I): cross-fractured globules, in which the fat
phase (F) is exposed. Occasionally layered structures (L) appear, which are still different from
really crystallized fat . The fat globule membrane
(M) is exposed only locally (Fig . 18).
(II): exposu re of the outermost layer of the fat
core due to fractures betwee n the inn e r surface
of the fat globule membran e and the fat core.
Fig. 19 shows the smooth appearance of this surface which is only interrupted in a limited area
(1), where the fracture went deeper into the fat
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non-aqueous medium.
The freeze-fracturing characteristics of lipid phases and lipid aggregates are determined
mainly by the amounts and spatial distribution of
molecularly well ordered Cliquid crystalline' and
crystalline) and non-ordered (liquid) lipids, and
also by the size of aggregates and the type of interfacial layers. Milk and dairy products are well
suited to demonstrate the main differences in appearance. On the one hand, the milk fat is a complex mixture of different high-melting fat fractions which exhibits peculiar crystallization and
melting phenomena, and on the other hand, the state
of dispersion of the fat phase and the type of interfacial layers undergo severe changes during
processing. Within the lactating cells of the mammary gland, fat droplets (several micrometers in
diameter) are formed. During secretion they are
enveloped in (apical) plasma membrane, the so-called milk fat globule membrane (MFGM). This interfacial layer is responsible for the high emulsion
stability of the fat phase in fresh milk (39).
Although the milk fat contains fat fractions with
melting points higher than body temperature, the
fat is totally liquid when secreted and crystallization processes do not start unless fresh milk is
cooled below 293 K. Freeze-fracturing of fat globules in fresh uncooled milk results in the following fracture characteristics: They are either
cross-fractured at the same level as the surrounding aqueous phase or are fractured along their
periphery. Cross-fractured fat globules (Fig. 18)
exhibit the typical fine structure of non-crystallized fat. Although it largely appears amorphous,
smaller areas with a very characteristic layered
structure can frequently be found. According to
our experience, such layers seem to represent a
(non-crystallized) state where triglyceride molecules of similar length are somewhat loosely packed together in monolayers (15). These layered
structures occur predominantly in a temperature
range between body temperature and the temperatures
where true crystallization starts within the fat
globules (238-288K). There are no indications so
far that the structures are formed during cryofixation. Cross-fractured fat globules only occasionally reveal small portions of the MFGM (see Fig.
18). Cross-fractured areas of the MFGM very often
show numerous small (approx. 10 nm wide) particles
which should largely represent membrane proteins
(enzymes, glycoproteins etc.) because up to 60%
of the dry weight of the MFGM is protein (39).
Peripheral fractures of fat globules in (uncooled~)
fresh milk occur predominantly at the inner surface
of the MFGM, i.e. between the MFGM and the fat core,
and only very rarely at the outer surface, i.e.
between the MFGM and the milk serum. An internal
cleavage of the MFGM as in biomembranes (55, 57,
61) almost never occurs in expressed milk. A
bilayer structure has only occasionally been found
in a narrow zone in cross-fractured MFGMs (6).
To demonstrate the three possible cases of
surface fracture of fat globules in fresh milk,
compare Fig. 19, 20, and 21. Fig. 19 shows the
smooth outer surface of the fat core, interrupted
in a limited area to reveal underlying monolayers
of fat. The complementary event is shown in Fig. 20,
where the inner surface of the MFGM, with fat adhering to a limited area, is exposed. A view of the
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true outer surface of the MFGM is seen in Fig. 21.
It can be seen that certain parts of this MFGM
must have been removed with the complementary part
of this fracture.
An explanation for the preferential fracturing between the inner surface of the MFGM and the
(previously) liquid fat core could be a much
stronger interaction of the phospholipid molecules
(and membrane proteins?) with the milk serum than
with the fat. The reason for the absence of internal
fractures of the MFGM which one would expect if the
original phospholipid bilayer structure of the plasma membrane still existed, is not yet fully understood. Possibly a reorganization of membrane constituents after secretion takes place due to the
presence of (apolar) triglycerides at the inner
surface of the MFGM. This could, of course, substantially alter the fracturing characteristics.
Alternatively, "freeze-fracture studies on the
secretion mechanism of fat globules indicate a
'clearing of membrane particles' on those parts of
the plasma membrane which are directly involved in
the secretory event (40).
During homogenization of fresh milk, the fat
globules are strongly reduced in size, their total
surface area increases correspondingly (often tenfold and more) and a new type of interfacial layer
is formed, consisting mainly of adsorbed milk proteins, predominantly caseins. When homogenized milk
(Fig. 22) or milk products (Fig. 23) are cryofixed
from temperatures at which the milk fat is completely liquid, the fracturing characteristics somewhat resemble those described for fresh milk. Crossfracture through fat globules largely prevail,
making the newly adsorbed protein layer clearly
visible (Fig. 22). Only rarely do surface fractures
occur. These exhibit a very smooth structure. Since
adsorbed protein particles would be easily detected,
the observed smoothness demonstrates that the fracture occurs again between the outer surface of the
fat core and the inner surface of the 'secondary'
fat globule membrane.
As soon as unhomogenized or homogenized milk
and milk products are cooled and the milk fat begins
to crystallize, the freeze-fracturing characteristics undergo substantial alterations. Fat crystals
are easily cleaved between individual monolayers
and are easily distinguished from liquid fat. The
spatial arrangement and shape of crystallized fat
within a globule depend largely upon the cooling
conditions (temperature and time). This is especially evident during the 'physical ripening' of cream
(15). A common feature of most crystallized milk
fat globules is the growth of peripheral monomolecular crystal layers directly below the original
MFGM or the 'secondary' (protein) membrane.
A main consequence of this peripheral crystallization process is a predominant cleavage within
these largely concentric monolayers. As an example,
a dairy spread with a homogenized fat phase (average fat globule diameter similar to the coffee
cream shown in Fig. 23) is shown in Fig. 24. Neither
cross fractures nor fractures along the outermost
layer of the fat core, i.e. between the fat and the
interfacial protein layer, seem to exist. Fig. 25
and 26 show how unhomogenized fat globules have
been freeze-fractured in a cooled cream. (Please
note that Fig. 25 has only about l/3 of the magnification of Fig. 24). These micrographs
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MFGM and the fat core as they occur when the fat
is totally liquid before freezing cannot be found.
This distinct difference indicates that the binding forces between the outermost fat layer and the
MFGM are generally higher than between individual
monolayers of crystallized fat.
Fresh milk not only contains membrane-enveloped
fat globules but also lipid-containing particles,
which cannot be removed by cream separation but
which sediment in a strong centrifugal field as a
fluffy layer on the casein pellet (39, 42). These
particles are membrane-coated, liposome-like vesicles, up to approximately 0.5 ~min diameter and
are supposed to originate either directly from
secretory plasma membranes or to have been partly
released from milk fat globules. Fig. 27 demonstrates that such vesicles are usually cleaved
within their membrane thus exhibiting numerous
•membrane particles•. In this respect they resemble
membrane-coated vesicles within cells.
Finally it should be mentioned that the different fracturing characteristics of liquid and of
crystallized fat facilitate the structural analysis
of continuous fat phases such as in water-in-oil
dispersions (14). The electron microscopic evaluation of size, shape, and spatial distribution of
crystallized fat aggregates is important for improving physical properties such as firmness and
spreadability in systems like butter( 43-45).
6. Freeze-etching
Only those structural details which are directly situated in the plane of cleavage can be
made visible by freeze-fracturing. The aim of
freeze-etching is to make visible structures located below this plane. Of course, only sufficiently volatile substances can be sublimed at low
temperatures. Normally, substantial sublimation
rates are only obtained with frozen water.
The recession of ice is exponentially related
to temperature and equals approximately 2 nm/sec
at 173 K and 0.2 nm/sec at 163 K (35, 61). For
obtaining reproducible freeze-etching conditions,
a cold trap ( e.g. the knife of the freeze-microtome in the Balzers unit) should be placed as near
as possible to the freeze-fractured surface of the
specimen and the vacuum should be as high as possible.
Only limited sublimation of ice from an
aqueous specimen is possible if a cryoprotective
treatment has been necessary to prevent freezing
artefacts. Because of the low vapor pressure of
glycerol, only small amounts of water can be removed from the freeze-fractured surface of such
samples. Fig. 28 (skim milk cryoprotected with 33%
glycerol) shows the effect of freeze-etching at
193 K for 5 min. This treatment would remove a
20 ~m thick layer of pure ice. However, only a
slight recession of the serum phase can be seen.
The original plane of cleavage corresponds to the
location of the cross-sectional areas of the casein
micelles. Several smaller micelles which had been
situated directly below this plane are now visible
as small smooth elevations.
It is obvious that deep etching of aqueous
samples can only be performed when they can be
cryofixed in the absence of cryoprotectants. Only
pure distilled water or very dilute buffers (less

Fig. 22. Uncooled homogenized milk fat globules
are mostly cross-fractured (1) but also show fractures along the inner surface of the
(secondary)
fat globule membrane which consists mainly of adsorbed casein particles (C) or micelles. (2: view
of the fat core; 3: partial view of the inner surface of the fat globule membrane). Bar, 0.5 ~m.
Fig. 23. The prevailing occurrence of cross-fractures through fat globules which are liquid before
cryofixation is striking in this fractured preparation of a coffee cream (10% fat, homogenized).
Peripheral fractures at the fat-membrane interface
(M) appear only rarely. Bar, 1 ~-

demonstrate that peripheral fractures within the
layers of crystallized fat still prevail but, in
addition, cross-fractured fat globules can be detected frequently. Again, fractures between the
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Fig. 24, 25, and 26 (facin g page, left column).
The fracturing characteristics of crystallized
fat globules are mainly determined by the spatial
arrangement of crystal layers within a globule .
In homogenized systems , peripheral fractures within the predominantly concentri c crystal layers
occur almost exclusively. Fig. 24 shows a low-fat
dairy spread with convex (1) and concave (2) frac ture views. The aqueous phase of this specime n
exhibits freezing artefacts due to insufficient
penetration of glycerol. Fig. 25 and 26 are of a
cooled unhomogenized cream (for buttermaking)
which not only shows peripheral fractures (1: convex; 2: concave views) but also cross-fractures
(3). Bars in Fig. 24 and 26, 1 ~m ; bar in Fig. 25,
5 ~m.
Fig. 27 (facing page, right column). Small lipid
vesicles (V) in skim milk are mainly fractured
within their membrane (similar to biomembranes)
and thereby exhibit membrane protein particles.
(I: interior fracture face; E: ex t erior fracture
face). This preparation shows freezing artefacts
(IC: ice crystals; EP: eutectic phase). The occurrence of very small casein micelles (C) is the
result of the centrifugation of the skim milk.
Bar, 0.5 ~m.
Fig. 28 (facing page, right column) . Cryoprotecting a skim milk sample with 33% glycerol allows
limited sublimation of ice. This preparation r esulted from etching at 193 K for 5 min . Crossfractured casei n micelles (1) now appear s li ghtly
raised above the serum leve l while nonfracture d
micelles (2) appear as smooth elevations . Bar,
0.5 ~Fig. 29 (facing page , right column) . Extensive
views of the outer surface of fat globul es a r e
obtained by freeze-etchin g ' washed ' cream specime ns (in distilled water ). This view of a fat
globule from freshly secre ted cows' milk has b een
obtained after freez e - e tchin g at 1 63 K for 5 min .
In the center of the globul e the outermost lay e r
of the fat core (F) is exposed as a r es ult of
frac turin g . Arrows indicate the beg innin g of the
fat globul e membrane (M) which has b een made
visible by subliming the ice phase . The outer
surface of the fat globule membrane appears to be
covered either sparsely (1) or dens e ly (2) with
granu lar material. Bar , 1 ~m .

than 10 mM) should be used, in order to avoid artefacts caused by a deposition of dissolved material (33). Although aqueous systems generally
have to be cryofixed by ultrarapid freezing techniques to obtain suitable conditions for etching,
freezing artefacts need not always interfere with
a deep etch. This has been demonstrated by Staehelin (57) who used the standard freezing technique
for erythrocyte membrane ghosts in a dilute buffer.
After freeze-etching, he obtained views of large
areas of true outer membrane surfaces which are
normally not exposed by freeze-fracturing. Similarly favorable etching conditions have been found
for the fat phase of an emulsion, the serum phase
of which had been replaced previously by distilled
water or a dilute buffer (22, 41). It is striking
that, although cryofixation by the standard freezing technique has been used, freezing artefacts
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have hardly been detectable in systems of so-called
washed cream (30-50% fat), i. e . the fat phase of
milk after repeated centrifugation and redispersion
in distilled water. Large areas of the true outer
surfaces of fat globules, i. e . the fat globule
membrane, were obtained by deep etching of such
systems (See Fig. 29). Of course, the exchange of
the milk serum for distilled water could eventually
result in structural changes of such interfacial
layers unless this structure is previously crosslinked by chemical fixation. If original cream is
cryofixed and freeze-etched, the outer surface of
the fat globule membrane becomes visible only in
a very narrow zone (6, 22).
For studying the size and shape of hydrated
protein molecules by freeze-etching, ultrarapid
freezing techniques such as the spray-freezing
technique have to be applied (2-5). We have used
this method for studying the temperature-dependent
aggregation of s-casein (16) and for visualizing
a-lactalbumin and S-lactoglobulin molecules (50).
These globular proteins are hardly detectable in
freeze-fractured preparations (in contrast to the
randomly coiled caseins) but exhibit a diameter of
approximately 15 nm in a freeze-etched preparation
(see Fig. 35). The differences in size between
freeze-fractured and freeze-etched protein particles have to be ascribed to the fact that during
freeze-fracturing the particles are severely damaged, i . e. mostly torn apart, whereas they are
completely set free during the etching process.
Furthermore, the fine network of gel systems
can be made visible, because freeze-fracturing
alone cannot provide the necessary information
in the third dimension. The application of ultrarapid freezing methods is essential for such
highly hydrated systems (17, 23). As examples,
the heat-coagulated soy protein gel (Fig. 9-11)
and the sol-gel transformation of gelatin (Fig.
12 and 13) can be taken.
The reason for the slightly aggregated state
of the particles in the gelatin sol (Fig. 12) is
not yet known, but it could well represent beginning gelation due to a temperature drop during
handling before cryofixation. But it could also
represent an artefact since protein molecules and
virus particles can rearrange into larger aggregates during very deep etching (30).
In this context it should be mentioned that
Hood and Allen (24) freeze-etched carrageenan-milk
gels in the presence of 20% glycerol, which was
not high enough to prevent freezing artefacts but
which enabled the occasional detection of fibrils
which were supposed to represent the gel network.
Generally, various types of etching (and condensation) artefacts can occur in glycerinated samples
(9, 10, 56). Fig. 30, 31, and 32 illustrate that
pits of varying sizes and shapes can appear as
the result of random or controlled etching. It is
also noteworthy to realize that protein molecules
which have been deformed during freeze-fracturing
are able to partially restore their original structure during freeze-etching. This has been demonstrated with catalase crystals (30).
Very dense protein matrices as they are present in natural hard cheese varieties or in process
cheese exhibit a considerably finer particulate
structure after freeze-etching, which results in a
slight sublimation of ice, as compared with
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Fig. 30, 31, and 32. Various types of artefactual
etching patterns may occur in glycerinated aqueous
phases. Fig. 30 shows a solution of 8-casein (see
also Fig. 1) where a short uncontrolled etching
occurred at 163 K and produced small depressions
(D) of approx. 50 nm in diameter. P: protein
particles. Fig. 31 (an emulsion of butterfat in
whey) and Fig. 32 (whole milk) are of freeze-etched
preparations (173 K, 1 min) of cryoprotected (33%
glycerol) systems, which exhibit an uneven sublimation of ice. F: parts of cross-fractured fat
globules. Bars, 0.5 ~m.

freeze-fractured preparations (Fig. 33 and 34).
However, the structural differences between different types of cheese are easier to detect in unetched preparations, as already mentioned in Section 5. In earlier freeze-etch studies of Cheddar,
Cheshire, and Gouda cheese (21), differences between the protein matrices were reported but these
specimens had been cryoprotected with glycerol
whereas those shown in Fig. 33 and 34 were not.
Finally it should be mentioned that media
other than water allow a controlled sublimation.
It is demonstrated in Fig. 17 that dioxane sublimes
under conditions which are somewhat similar to those
for water.
7. Replication
To obtain the highest amount of information
about the fine structure of freeze-fractured/
freeze-etched food samples (as well as about any
other type of sample), high quality replicas have
to be made. Guidelines for the performance of the
replication step and for the critical evaluation
of the quality of the replicas have been published
repeatedly (25, 36, 57, 59, 61).
Although unidirectional shadowing is normally
most suitable for replication, the adaptation of
rotary shadowing to freeze-fracturing/freeze-etching has resulted in an improved presentation of
subunit structures of protein particles on biomembranes (31). Recently we applied this technique
to molecular aggregates (submicelles) of casein
which had been spray-freeze-etched in a dilute
buffer in order to study the true size of these
particles. Fig. 35 shows unidirectionally shadowed
B-lactoglobulin molecules, and in Fig. 36 rotaryshadowed casein submicelles are shown. The high
contrast at the periphery of the rotary-shadowed
particles allows more precise measurements of size
and shape to be made than on unidirectionally
shadowed preparations. However, the interpretation
of rotary-shadowed specimens is impaired by the
observation that the appearance of small particles
such as ferritin molecules varies dramatically
depending on the shadowing angle and the thickness
of the metal film (38). The apparent size of unidirectionally shadowed protein particles in freezeetched preparations, measured perpendicularly to
the direction of shadowing, has to be reduced by
approximately twice the thickness of the deposited
heavy metal film (generally 1.5-2 nm) in order to
obtain the true diameter of the hydrated particle
(52). Although the quality of the shadowing layer
largely determines the resolution of the replica,
the additionally deposited layer of pure carbon
(10-30 nm) can result in peculiar contrast
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Fig. 33 and 34. Two views of the protein matrix of
a non-cryoprotected process cheese sample, one obtained after freeze-fracturing (Fig. 33) and the
other view obtaine d after freeze-etching at 1 83 K
for 1 min {Fig. 34). Protein particles are easier
to identify in un etched preparations. Bars, 0.5 ~m.

characteristics at the periphery of free particles
(53).
Finally it should be mentioned that occasionally it is favorable to tilt the freeze-fracture/
freeze-etch replica in the electron microscope in
order to obtain an optimum contrast locally (60).
This is especially valid for systems in which the
fracture plane exhibits great spatial variation,
such as in crystallized fat phases (44). In addition, it can be advantageous to take stereo pairs
from a freeze-fracture/freeze-etch replica in order
to obtain maximum information on the spatial structure (59). The reliability of interpretations,
especially of very fine structures such as protein
particles, can be considerably improved by applying double-fracturing techniques in order to obtain
complementary freeze-fracture/freeze-etch replicas
(59). This special technique has been repeatedly
used for biological systems, especially biomembranes, but so far not for food systems.
205

Fig. 35 and 36 . Spray-freeze-etched (1 63 K, 5 min)
preparation s of S-lactoglobulin {Fig. 35) and
casei n submicelles (Fig . 36) in highly diluted
buffers. The former sample was shadowed unidirectionally a t an angle of 45° and the latter sample
was rotary-shadowed at 25°. (L: latex sphere, added
to the solution as a labe l.) Rotary shadowing
appears t o be especially suitable for evaluating
the size and shape of small particl es. Bar in
Fig. 35, 0.5 ~m; bar in Fig. 36 , 0.1 ~m.
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Discussion with Reviewers
M. Kalab: Dispersion of aqueous gelling systems in
oil for freeze-fracturing by the oil-emulsion freezing technique is achieved using emulsifiers. Has it
been established that such emulsifiers do not affect the microstructure of the aqueous gelling systems under study?
Author: According to our experience an oil-soluble
emulsifier does not affect significantly the microstructure of the aqueous gelling system, especially if the (protein) concentration is high. At low
concentrations (e.g. 1% or less) the gel formation
could perhaps be adversely influenced by the adsorption of protein at the oil-water interface
because this adsorption results in a decrease of
protein in the serum phase. In the presence of an
emulsifier in the oil phase, a reduced adsorption
of proteins is to be expected.
M. Kalab: Platinum has been used most frequently
for shadowing but some other metals, particularly
tungsten, have been known to produce replicas of
a lower granularity. What is your experience in
this respect?
Author: In the past we have made a few experiments
with the evaporation of tungsten/tantalum but
found that for routine work the platinum/carbon
shadowing provides a sufficiently high resolution
and easier handling during cleaning of the replicas.
D.G. Schmidt: In the section entitled •chemical
fixation• a peculiar pH effect is noted when (milk)
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proteins are fixed with glutaraldehyde. The pH
drop suggests that during fixation protons are
liberated and, therefore, the protein concentration
should be of importance. Has the author noted such
a concentration effect on the pH drop?
Author: Yes. There is a pronounced correlation
between the pH drop and the protein concentration.
U.B. Sleytr: Have you any experience with freezing non-cryoprotected, highly hydrated gels on
cold surfaces (e. g. using the van Harreveld and
Cromwell technique)?
Author: No. I am not aware of any application of
this technique for gels elsewhere.
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.Abstract
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Plastic fats cons~st of a threedimensional network structure of crystals
in which liquid oil ~s trapped.
This
crystal network is held together by weak
attractive forces, the nature of wh~ch ~s
nut definitely e stab lished.
Crystal
size is dependent on temperature history
and is subject to polymorphi c t ransiti ons
which greatly affect the micr os tructure
of the system.
The microstructure of
fats has been inve st~gat ed by using
polarized light microscopy, electro n
microscopy and X-ray diffraction
analysis .
Re cently, a permeametric
method has been developed wh~ ch enable s
the determination of the specific
surface area of the crysta ls in a fat.
This method is a use ful complement of the
microscopic techniques.
Scanning
electron m~ croscopy has not been w1d e l y
used in studying fat c rystal structur es .
The use of micro sc o py in the study o f
microstructure of emuls1ons presents ev e n
greater problems than In the fat field .
Emulsifiers may form liquid crystallin e
mesophases which may be studied by
polarized light mi croscopy and X-ray
diffraction analysis.

It 1s be com in g increas1ngly apparent
that our understanding of what 1.s now
be~ng described as the
·· funct1.onal p r operties" o f many foods is de?endent on a
knowledge of their f1ne structure.
Th1.s
ca n be ex?ressed 1.n the foll o win q Ulterrelationship:
chem1.cal cornp o sit 1 on
structu re ~
phys1cal

-+

phy s i c a l
propert1es

Thi s indicates that micr o s t ructure 1 s
dependent on the chem 1 cal compo nent s of
the food, and 1n turn, the nature o f the
microstructure determ 1.n es the phys1 c al
p ropert1es wh1ch in c lude a number o f
functional properties.
Fat s and fat
containing fo o ds are no e x c e pt1or.s t o
th~s rule and much re s ear c h has been
devoted to the m1cr os tr u c t ure o f f a t s .
There ar e a number o f fact o rs w1"11 c h mak e
these produ c t s unu s u a l and the stu dy o f
their m1 c r os tru c ture d1ff1 c ult.
Pr o b ably the 1n o st 1mp o rtant o f t hese I S th e
influenc e of temperature .
Not only 1 s
the m1.crostructure o f fat s t e mperat u r e
dependent, 1t also depends o n temper ature h~st o ry so that two s amples o f a
fat examined at the same temp e rature may
have d i fferent properties d e pe n din g o n
thei r temperature h1.story.
The pl"lys~cal
str u cture of fat s may al so c han ge Wi th
time at constant temperature b ecau se of
polymorphi c tra n sformations.
These
factors make 1t necessary for research o n
fats and fatty f oods t o be c o nducted i11
or w1th temp eratu re controlled ta c l l i t ie s .
The study of emulsions also
Involves u nusu al problems s~nce the mem -brane struct ure s around emu l si f1 ed d r o plets and t heir p ro pertie s require
specialized ·t ect1 niqu.es f or their observ ati on and measurement.
A good genera l
source o f I nfo rmat ion is the book ·· Food
Micr osco py " ( Vaughan, 1 9 7 9l
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Microstructure of fats
Fats differ from oils in that they
contain solid triglycerides at room
temperature.
This mixture of solid and
liquid components exhibits the property
of plasticity.
Triglycerides are long
chain molecules with molecular weights in
the neighbourhood of 900.
The crystallization behaviour of such compounds responds to the normal conditions of nucleation and crystal growth !Figure ll, and
these factors are determined by the
degree of supercooling.
If the extent of
supercool1ng is low, only few nuclei will
form and crystals will grow to a
relatively large size.
If heat is rapidly removed, i.e. high level of supercooling, many nuclei will form and many small
crystals will be formed.
The situation
is complicated by the phenomenon of mixed
crystal formation <also called solid
solutions).
Fats conta1n many different
glycerides which closely resemble each
other but have slightly different melting
points.
Rapid cooling <high supercool ing) will result in inclusion of different types of triglycerides in the crystal
lattice .
The result is higher solid fat
content at low temperature.
Tempering of
such rapidly cooled fats at temperatures
below the melting point will lead to
recrystall1zation and reduction in solid
fat content.
An example taken fro1n the
work of Mertens and deMan (1972) 1llust rates this phenomenon <Table ll .

nucleation

T
crystal
growth

FP

Fig . l.
Schematic representation of the
rate of nucleation and crystal growth as
influenced by supercooling.
A = start of
nucleation, FP = freezing point.

major polymorphic forms, named alpha,
beta-prime and beta in order of increas ing stability <Lutton, l972l.
The pack ing of the triglyceride molecules in the
crystal lattice determines the spacings
between adjoining molecules.
The crosssectional structures determine the sh o rt
spacings which can be determined by X-ray
diffraction .
The arrangement of long
chain compounds in a cross-sectional v iew
of the crystal lattice has been given by
Lutton <1950) and is represented in
Figure 2.
The alpha form is hexagona l
and is the lea st organized of the three
forms .
It has a low density structure
with a cross section o f about 0 . 2 nm2
and the cha1ns are packed in an untilte d
or perpendicular fashion.
This form
s
usually obtained on rapid cool1ng of the
melt .
The beta-prime structure 1s
orthorhombic and is 1n a tilted chain

Fats are subject to some additional
phenomena when crystallization occurs.
Long chain com pounds including the triglycerides show polymorphism, i . e. they
can occur in several crystal modifications.
These different c ry s tal form s
are distinguishable by X-ray diffraction, by infra-red spectrophotometry, by
melting point determination and by
differential thermal analysis.
lt 1 s
generally agreed that fats occur in three
Table l.

SUPERCOOLING

Solid fat content of a margarine o1l and a
frying fat with and without tempering at
25 C for 30 min.
Initial cooling at 0 C
for 60 min .

Solid fat % at

Sample

Treatment

lOo

20o

30o

40o

Margarine

Tempered

37.6

24.2

11.7

0.1

Non tempered

47.3

29.8

ll. 9

0 .3

Tempered

63.7

45.7

25.8

3.4

Non tempered

75.8

55 . 1

26.2

4.2

Frying fat
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Row I -

, --o-o
ty
20-0-0
-o--\}-- 3--o-o- 3--o-o--

B--{) -- l-0-0-

Row 2 (}--\;)Row 3

Alpho

2((}-((;-~
Beta Prime

Beta

Fig . 2.
Cross- sectional s true t u res of
long chain compounds.
I Source:
E . S.
Lutton. 1972.
Reproduced with permission l.
arrangement .
Th i E is the more <~omrnon
form for many natural fats .
l t is a mo rE'
closely packed structur e than the alpha
form.
The beta form has all of the chain
axes oriented in one way as shown in
Fiqure 2. and is triclin1c.
Both betaprime and beta forms have an approximate
cross-sectlonal area of about 0.185 nm2 .
These three cross-se ct ional structures
give rise to short spacings as determined by X-ray diffract1on and indicated
1n Figure 3.

Fig. 4.
Guinier-Simon X-ray diffract1on
camera with temperature programm1ng
capability .
A= X-ray tube, B = camera,
C = control console.

with a diffractometer, the equ1pment
commonly used by crystallographers.
The
Oebye-Scherrer patterns appear as concentric c1rcles on the X-ray film.
This
type of equipment has the drawback of
being useable only at room temperature
which does not permit the study of polymorphic transitions as a function of
temperature .
Special cameras for this
purpose have been developed s uch as the
OPT camera used by Aleby 119691 and a
particularly useful instrument is the
Guinier-Simon camera with integral
temperature programming capability
(Fiqure 41.
The different polymorphic
for~s have different meltlng points and
Another useful
different crystal habits.
X-ray camera is the triple fo c us.slng
Guinier camera.

The development of the knowledge
about polymorphi s m has not been without
controversy.
This ma1nly involved the
idea of the ex1sten ce of a glassy state
as proposed by Ma l kin I 1954), but this is
now generally accepted as erroneous.
A
form intermed1ate between beta prime and
beta has been proposed by Hoerr 11 960 ).
A more un1fied and rigorou s treatment o f
polymorphism has emerged in the recent
literature (Larsson. 1964. 196 6, 19721 .
Examples of the application of th1s
knowledge to problem s 1n f a t crystallization are stud1es on the phase behavior
of hydrogenated fats by Riiner 1 1 9711 and
stud1es on cocoa butter and confect1o nery
fats u s 1ng programmed temperature X-ray
diffraction and differential scanning
calorimetry by Chapman t l a..L.... 119711.

Polymorphism and the structure of
tr1glycer1de crystals can also be _studied
by using the electron microscope tor
electron dlffraction of single crystals.
This procedure has been demonstrated by
Buchheim 1 l970al for the study of trilaurin crystals.
Methods were developed
for preparing suitable crystals of trllaurin. but this procedure may not be
suitable for crystals of natural fats.
Using this procedure, Bu c hheim 11970al
found evidence for two beta-prime modifications of trilaurin, one a vertical and
the other a tilted form.
Two beta modifications of trilaurin were described.

X-ray diffract1on pat.terns car: be
recorded- with a Oebye-Scherrer camera o r

da
d1 •3.68A
dz=459A
d,•386A

d1 • 4.14A

Alpha

Beta Prime

Fat crystals can be observed with
the aid of ~olarized light microscopy.
According to Hoerr 11960), crystals of
the alpha form appear as platelets of
about 5 ~m size.
Since the alpha form is
unstable, it is hard to obtain photographs of these crystals.
The beta prime
crysta ls are described as small needles
not exceeding one urn in length.
Beta

Beta

Fig. 3.
Cross-sectional structures of
long chain polymorphic modifications.
(Source: E.S. Lutton, 1950.
Reproduced
with permission).
d spacings expressed
in Angstrom units ! A l.
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crystals are large, ranging from 20 to
100 um in size and often growing in
clumps.
Such clumps of large crystals
can lead to visually noticeable graininess in fats.
The packing of triglyceride molecules in the crystal lattice
is influenced by the variety of molecular sizes present in natural fats.
The
greater the non-uniformity in size, the
more difficult it is for the beta form to
occur, and the beta-prime form will then
be the predominant one .
There are
natural fats which have relatively uni form fatty acid compositlons and these
will tend to recrystallize ln the beta
form .
Canola and sunflower oil are
examples of this behavlour.
Figure '='
shows polarized light micr o graphs of
hydrogenated Canola oil.
When this fat
was rapidly cooled, the crystal structure
included aggregates of up to 10 ~m
(figure SAl.
After temper1ng for a day
at 25 C, there were more small crys tals
in evidence of up to about 2 um in size
(figure 5Bl.
Ascribing definite polymorphic modifications to fat crystals of

M.

de Man
spec1fic morphology is probably not
justified for many natural fats.
Thi s
might be applicable in special cases
only. such as for highly purified sim~le
triglycerides.
The recrystallizat1on o f
fats into the beta form is a disas trous
occ urrence when taken place ln a consumer
product.
The product becomes Vlsibly
grainy with a mottled color appearance
and acquires a crumbly texture (Figure 61
and the crystal structure sho ws a mass of
large needle shaped crystals 1 F1~ure 7l
This 1s a good example of h o w the
arrangement of molecules in the crystal
lattice directly affects appearance
f a c t o rs such as smoot h ness and text 1_1 r e .
Some selected surface act1ve agents ha v e
been found helpful in prevent1ng or
delay1ng the beta-prlme to beta trans formation 1n fats.
This phenomenon i s
not well understood and studies are unJer
way to elucidate the mechan1 s-m ot: t:h1 s
action.
Recently, Garti t l .a.l...... ( 1981.
1982l descr1bed the effect of fo o d emulsifiers on crystal structure and hab1t of

Fig. 6.
Mot tled appearance o f
crysta ll1ze d Canola margar1ne .
prtnt broken in tw o pieces.

Fig . 5.
Polarized ligh t photomlcrographs of hydrogenated Canola oil.
a.
After rapid cooling at - 15 C.
b.
After rap1d coo ling at -15 C and
tempering for one day at 25 c.
S.M. = 5 um.
(S.M. = Scale Marker)

re -

One p o und

Fig. 7.
Crystal structure of Canola oil
margar1ne as seen i n the polartz~ng
microscope.
This margar1ne i s recrystallized in the beta modif1cation.
S.M. = 5 \..lm.
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stearic acid.
The crystal habit was
examined by using scanning electron
microscopy.
It was assumed that the
stearic acid could serve as a model for
the more complex triglyceride mixtures
but this is by no means certain.
Hernqv1st t l ~ 119811 have described
the ~trong stabiliz1ng effect of 1.~-di
glycerides on the ~·triglyceride crystal
form.
The polymorphism of fats can also be
studied by infra-red spectroscopy, a
technique extensively investigated by
Chapman I 1965 I and by deRu i9 I 197 7 I .
The
major area of interest in the infra-red
reqion i s between 690 and 770 cm-1.
An
ex~mple from Woodrow and deMan 119681
!Figure 81 shows the formation of the
alpha form on coo ling milkfat from 40 to
0 C and the formation of the beta pr11 ne
form after holding at 5 C for ten hours.
Short spacings observed by X-ray
diffraction methods are in the order of
0.1 nm.
Polarized light microscopy makes
it possible to view crystals 1n the range
Fig. 9.
Electron micro9raph of trilaurin crystals made by the carbonplatinum replica technique.
<Source:
Buchheim, 1970a .
Reproduced with permission).
S.M.= 0.2 wm.
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of 0.5 - 100 urn.
For deta1ls in the area
below 0.1 wm electron microscopy is
required.
Since fine structures of fats
are delicate and temperature sens1tive,
special techniques are required.
Initial
electron microscopy stud1es involved
ultra-thin preparat1ons and carbon
replica techniques.
An example is an
electron micrograph of trilaurin crystals
produced by Buc hhe im I 197 Oa I IF igure 9 J .
This f1gure presents a clear view of the
layered archite c ture of the trilaurin
crystal.
Much of the wor k concerned with
electron m1c roscopy of fats has been
carr1ed out at the German Federal Da1ry
Research Inst1tute at Kiel and has been
m a 1 n 1 y f o cussed on m i l Jc f at structure in
butter.
The work in vo lv1ng fixation.
thin s ect1on1ng and carbon replica formatJ.on produced mlcrographs show1ng little
mor·e than tne outl1nes of fat qlobules
I F i 9u r e 1 0 I ( Knoop and S c h u L: , - 1 9 6 0 1 .
More recently the work of th1s group has
involved freeze fracturing, followed by
platinum-carbon replica preparat1on
<Buchheim and Precht, 1979; Precht and
Buchhe1m, 1979; 1980; Precht and Peters,
19811.
Based on this work, the fat
globules in cooled cream have been
divided into 4 types based on how much of
the fat 1s 1n the solid form.
Figure 11
represents a fat globule which is stated

b

lU

u

z

~

en
cr

c

0

(/)

m
C(

Fi9. 8 .
Infra - red spectra of milkfat at
40 C lal after rapid cooling to 0 C l bJ
and after holding at 5 C for ten hours
lcl.
!Source: Woodrow and deMan, 1968 .
Reproduced with permission).

213

J.

M.

d e Ma n

Fig . 10 .
Electron m1cro g rap h o f t h e fat
globule structure 1n butter .
! Sour c e :
Knoop and Schulz, 1960 .
Repr o du c ed wi t h
permission).
S.M.
1 lJm .

to be mo st ly liquid.
However, the highl y
magnified section appear s a s a definitel y
layered structure .
F1gure 1 2 1 s a m1 c r ograph of a fat globule with more irre gularly f o rmed crystal aggregates.
Th e
conclusion of this work is that the
amount of solid fat in d1fferent fa t
globules 1n cream var1es widely.
Th1 s
would mean that the fatty a c id c omp o s ~
ition o f the fat in the globules wo uld b e
different, and this is not supported by
any previous evidence.
Walstra 11976)
has d1scussed the effect of the state o f
dispersion of fat on its crystall1zat1on
behavior and on the phy s 1 c al propert1e s
of the products.
He 1ndicate s th.=t t e mu 1 sified fat needs a much h1gher degr ee o f
s u perc o oling t o 1nitiate nucleation. and.
therefore, the amount of s o lid fat in
emulsion droplets may be considerably
less than 1n the same fat in bulk form.
The microstructure of fat in butter is
described by Precht and Buchheim 1l980l
Two figures from thi s paper sho w one area
of liquid and crystalline fat IF1gur e 131
and crystal lamellae of butter after 10
days' storage I Figure 14) .
The layered
structure of this crystalline tat 1s

Fig. 11 .
Electr o n m1crograph o f a fat
globule in cream with liquid m1lkfat .
b represents an e nlarged s ection !dott ed
r e ctangle) of a .
!Source: Bu c hheim and
Precht, 1979.
Reproduced w1th perml ssionl .
S.M.a = 1 wm , b = 0. 2 wrn.

clearly vis1ble at d1fferent magnif i ca t 1 on s .
The s e au t h or s have at tern p t e d t:J
relate the results of the electron mlcr~
scopy studies to the known rheolog1cal
behavior of butter.
Th1s is a d1ff1cul t
task, espec1ally since the fine s t ru c t ures observed by electron m1croscopy bear
little apparent relation to observat1o
made by polarized l1ght microscopy .
T _
question ar1ses as to whether the rheo loglcal properties of fats are more
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Fig.

13.
Electr on m1crograph of liquid
and solJ.d IBl fat in 10 day old
butter.
!Source: Precht and Buchh e J.m,
1980 .
Reproduced with permission).
S. M. = 0.2 \Jrn.
IAI

nJ.ques are not quantitative.
Recently, a
method has been developed for determination of the specific surface area of the
crystals in a plastic fat by permeametry
ldeJager.ai..a_l., 1963, Riiner, 197ll.
The method is based on the subs1dence of
the lJ.qu1d phase of a disperse system
under the influence of compression.
The
compressive force i s delivered by a constant vacuum appl1ed to a fat sample.
Th1s method promJ.ses to be a useful tool
in the study of fat microstructure and
will hopefully compllment the results
obtained by microscopic methods.
Although the equ1pment itself is relatively simple, the associated vacuum
control instrumentat1on 1s not IFJ.gure
15l.
Riiner 11971J has applied this
method to relate polymorphic transitJ.ons
to crystal sizes in hydrogenated fats.
Transition of the beta-prJ.me to beta
modificat ion in hydrogenated sunflower
oil reduced the number of crystals by a
factor of fifty as determined by the
permeametric method.

F J.g. 12.
Electr o n mJ.crograph of a tat
globule J.n cream w1th solJ.d milkfat.
b represents an enlarged secti o n !dotted
rectangle) of a.
<Source: Bucllht.·im and
Precht, 1979 .
Repr oduced WJ.th permJ. sslon l .
S. M. a = 1 I..Jill, b = 0. 2 wm.
J.nfluenced by the internal structure of
the crystals than by theJ.r ultimate size
and pattern o f interact1on.
It is generally agreed that the solJ.d fat content of
plastJ.c fats 1s the maJor fa ctor determining their rheological behav1or.
Solid
fat content can be measured quant1tati vel y by dilatometry or nuclear magnetic
resonance (both wide line and pulsed
NMRl.
It 1s possib le to obtaJ.n an idea
of the shape and size distr1but1 o n of
crystals by polarJ.zed lJ.ght and electron
microscropy.
However , these latter tech -

The obJective of studies of the
microstructure of fats is to obtain a
better understandJ.ng of the physical
properties, especially rheology, with the
aJ.m of better control of such properties.
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Fig. 15 .
Equipment for determin a ti o n of
the specific s urface area of fat crystals
by the permeametric method.
A =
permeametry instrument with cap1ll a r y
attached, B = vacuum control sy s t e m .

~LQstru c ture

of

~mulsi~

Emuls1ons are d1sperse sys t ems o f
two 1m m i s c i b 1 e 1 i q u i d s s t a b l l.Lz e d b y .:; r,
emulsifier or co mb1nati o n o f e mul s liierlsl and stabili z ert s l.
T h e imp or t: ance of ass oc 1at1ve structur es o t e mu l s ifi e r s has be e n given 1n c r eas 1n g
e mpha s is a nd l 1 q u1d c r ys t all in e st r u c t ure s are an 1mp orta n t a sp e c t of many
emu 1 s 1 o n s .
Th e I n te rn a t:. 1 on cJ 1 Un 1 o n (._) t
Pur e and App l i ed Ch e m1 s r. ry d<-:- f1 ne s -=t r:
emul s ion a s f o ll o ws :
·· rn c.J n e rn ul s 1 c' n
1 i q u 1 d c1 r o p l e t s a n d / o r 1 L q u L c1 c r y ~-· t d 1 s
ar e di s per se d In a l 1g u i d' ' t Fr1 b e rq.
19 7 61
Fo o d e mul s .i o n s co n tc:-t li\ 11 al: u ~ al
emul;;;ifier s ar,d / o r ::;y nthe t l c o n es .
S u:n ~
f oo d emulst o n s, espe c 1 a l ly t h os e b as ~d o n
dairy pro duc t s !"lave a fa t p h a se w hu.: h 1 s
not l1qu1d but partly solid and t h i s
re s ults 1n spe c i a l types of mi c r os tru ct~ 
ure and properties.
Protel n s are o ft e n
the rnaln emuls1fiers ln fo o d em uls l o n s irt
many cases in c o mbinat1on with ph os pho lip1ds and o ther substance s .
The o rigl
al milkfat globule membrane in milk a s 1 t
leaves the udder has been ext e n s 1vel y
studied and c o nsi s ts of a c o mple x o f
several proteins and phosphollplds 8 S
well as several mlnor c o mponen ts in c lud ing enzymes and metals .
It i s p os s1ble
to emulsify oils or fats 1n m1lk s erum
(skimmilkl and a st.able e mulsifier lay e ris formed almost instantaneously.
Th1s
also happens when m1lk i s hom o geni z ed.
The newly formed globule membranes ln
homogenized milk c o nsist of prote1n.
Th e
conformation of prote1ns at interfaces
and the role of these protelns in s ta b i L iz1ng emuls1ons has been described by
Graham and Phillips I 1974 l .
They have
visualized the structure of two protelns
at the 1 nterfac e ( figure l6l.
One of

Fig. 14.
Crystal structures o f fat in 10
day old butter.
!Source: Precht and
Buchheim, 19801.
Reprodu c ed with
permission!
S.M.a = 1 urn, b = 0.1 urn,
c = 0. 1 Will.
Excellent methods for this purpose are
now available which should lead to a
rapid advancement in our knowl edge .
However, the usefulness of electron
microscopy in this field at this time is
limited.
It is to be hoped that improved
preparation and handling techniques can
expand the application of electron microscopy of fats in the future .
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these globules and the expelled l~quid
fat acts as a cementing material to bind
the remaining globules together.
For
this reason, the microstructure of butter
as seen with polarized light is
remarkably similar to that of cream
(Figure 19 l .
The nature of the birefringent layer of fat globules in milk or
cream was clarified by Buchheim (l970bl.
He used electron microscopy to
demonstrate the presence of crystallized
fat in the peripheral layers of the
globules.
It is now recogn1.zed that many
emulsifiers interact 1.n a number of ways
with both the aqueous and lipid phases
and these interact1.ons take the form of
liqu1d crystalline structures or mesomorphlc phases.
The nature of these
liquid crystalline structures has been
found to influence viscosity and elasticity of interfacial films with a resultant effect on emulsion stability (Krog,

Fig. 16.
Schemat.ic represent.at ion of the
structures of absorbed films of ~-casein
and lysozyme at ~nterfaces at different
SUlface concentration.
B-casein
(disordered, flexible l left column,
lysozyme (globular, rigidl right column.
Surface concentrat1on top row ~< rsat•
m1ddle row ~ rsat • bottom row ) rsat ·
(Source: Graham and Phill~ps, 1974.
Reproduced with permission).

these is ~-casein wh~ ch has a d1sordered
structure and the other 1s a globular
protein, lysozyme .
Prote1n membrane s
formed in emulsions c ontaining m1lk
proteins do n ot have the liquid crystalline structure demonstrated with certain
emuls1f1ers.
As a consequence, the globules s h o w no birefr1ngence as 1 s indic ated in the polar1zed l1ght ph o toml. c rograph of an emuls1.on of cottonseed OJ. l in
sk1mm1 lk (F1.gure 1 71.
The b1refr 1n gence
seen in crea m when exam1ned under polarl. Zed li g ht at '.:> C results from the layers
of c r y s t a l 1 i z e d m 1. l k f at w h i c h are f or rn e d
wnen the milkfat inside the globules
c rystallizes ( F1gure 18 J.
The churn1.ng
of cream to produce butter 1nvolves the
destabilization of a llmltl?d rturnbel o f

Fig . 18.
Whipp1.ng cream as seen 1.n the
polariz1.ng microscope at 5 C.
S.M.
5 urn .

Fig. 17 .
Emuls1on o f cottonseed oil 1n
skimmilk as s een 1n the polar1z1.ng microscope at S C.
S.M. = 5 um.

Fig . 19.
Crystal structure of butter as
seen 1n the polariz1ng microscope a t 5 C.
S.M.
5 urn.
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(a

CRYSTAL

(c)

(b)

I
T > Tc
• WATER

LAMELLAR

MESOPHASE

M. de Man

T < Tc

GEL PH.ASE

Fig . 20.
Schemat1c mo del of the form ation of a liquid crystall1ne, lamellar
mesophase and the a crystalJ.tne gel
phase .
!Source: Krog and Lauridsen ,
1976.
Repr oduced with permiss1onl.
The Bragg spacings d are def1ned as
da
thickness of lipid bilayer
dw =thicknes s of water layer.
19751.
The transformation o f a crystallized emulsif1er such as a monoglycer1de
into a liqu1d crystalline structure has
been represented schemat1cally by Krog
and Lauridsen 11 9761 as shown 1.n Figure
20.
The maJOr mesomorphi c structures are
lamellar, hexagonal and cu bic .
The l am ellar structure IF1gure 20bl is formed
when the emulsifier is heated in the
presence of water and alternating
bimolecular layers of lipid are separated
by layers of water.
This structure wh en
examined in the polariz1ng microscope
appear s as threadlike striated networks
!Figure 2 lal and is al so known as the
neat phase.
In addition to polarized
light micros copy, the meso morphic phases
can be characterized by their long spac ings as determined by X-ray diffraction.
The hexagonal phase consists of cylind-

F .1 g . 2 2 .
S r: hem at i c r e pre s e n t a t 1. on o £ t te
struct.ure of the lame l lar lH: uid crysta l
lcenterl and of the hexagonal I lrightJ
and hexagonal II lleftl type .
! S ource:
Larsson, 1976.
Reproduced wi th perm 1. ss ·
ion I.
rica l structures of two types, hexagona .
I with the l.tpophilic hydrocarbon cha.tn :
occupy.tng the inter.tor core o f the
cyl i nders and hexagonal II where the
hydrocarbon chains are arr anged o n the
outside of the cylinders I Figure 221.
The he x ag ona l phase when exam1.ned in th•
polar1zing m1 croscope present s a c harac er.tst i c appearance IF1gure 2lb l
Some tlmes mo n oglycerides may form m1cellar
aggregates wh1ch have an inner structur •
of the lamellar type and appear in pola · .tzed light as rod shaped " bat. onnets "
IF1gure 2lcl.
The layer structure of liqu1d
crystal format.tons between floc c ulated
emulsion droplets has been demon s trated
by Friberg .e..:t. .a.l . I 1976 I by u sing t .he
technique of freeze etching ele c tr o n
m1 croscopy !Figure 231
Liqui d crystall1n e stru c tures occu ~
in food emuls1ons formulated w1th a
Fig. 2 1 .
Polarized light m1 c r o gr ap h s ot
lipid crystalline phases:
Ia) lamellar
type. lb) hexagonal II type, and ( c )
batonnets.
I Source: Krog and Laur.1dsen.
1976 .
Reproduced w1.th permlS S lonl.
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Fig. 2 4.
Dev e l o pment o f mi crost ru ct ure
in process c hee s e in the pre se nce o f
sodium aluminum p hosphate ISALPl.
a :=:
S EM at 0 time.
Large f a t particles IFl
started to be degraded 1nt o s maller
particles, IGl fragment of a calcium
phosphate crystal.
b = S EM after 10 m1.n
1n the cooker.
Fat is s t i l l in the form
o f larg e parti c les , many of wh1 c h are
being emulsified IF I 1.nt o smal l e r particles.
c = S EM a fter 40 m1.n 1n the
c ooker .
Some fat parti c le s IFI a re still

undergoing e1nu ls 1.f icat ion .
d = TEM at 0
t ime.
Dark areas are the cheese protein
ma t rix, light area s indicate f a t .
e =
TEM after 40 min 1.n the cooker.
The
emul s ification process has not been completed and fat particles IFl are still
undergoing emulsification,
f= TEM detail
of one of the added SALP crystals found
in abundance during the ini t ial 10 min in
t he c ooker.
I Source: Rayan t l ..a.l ..
1980.
Reproduced with perm1ssionl.
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H Bucbbeim :
The electron micrographs
of cream after different thermal treatments clearly show the great variation of
fat crystallization and morphology in
individual fat globules.
This must not
necessarily mean that the composition of
the butterfat in the globules bas to be
different, although such evidence has
been described by Walstra and Borggreve
<Netherlands Milk Dairy J . 2Q, 140,
1966) .
The other reason could be that
this great variation reflects differences in the degree of supercooling of
individual globules due to the absence of
crystal nuclei. Please comment .
Author:
If in fact this phenomenon will
be proven to exist land not be an artifact of the preparation technique), I
would find the latter explanation more
plausible than the former.

J.

tv!.

deMan

W Buchheim:
It has been clearly
demonstrated that the rheological behaviour of butter made from a given cream is
dependent on hQli crystallized and liquid
fat is spatially distributed within the
final product. Please comment.
Author :
I fully agree with this.
However, we still have to explain how the
amount of solid fat within a fat globule
affects the texture.
In butter, we have
also fa t crystals in the continuous
liquid phase.
Both types of solid particles are important in determining rhe ological properties.

Author:
Yes, we are just concluding the
first phase of our study.
Sorbitan tristearate lowers the melting point, does
not affect solid fat content and is
effective in delaying the ~' to ~
transition.
It also seems to be present
in higher concentration in the solld than
1n the llquid phase of the fat .
N Krog:
It is of interest to know if
the fat globules represented in Figs. 11
and 12 have been exp ose d t o different
temperature treatment?
Can the temperature vary during sample preparation and
give cause to the difference between
Figs_ 11 and 1 2 rather than the proposed
difference in fatty a cid compos1tions ?
Author:
The possibility of artifacts is
an ever present concern.
It is more
likely, however , that the state of dispersi on of the fat influences the rate of
crystallization.
N Krog:
Referring to Fig. 19, i t wou ld
be of interest to know where the milk
pr otein s are located in butter ?
Are all
the proteins in the water droplets or are
some of the proteins present on the surface of the fat globules in butter?
Author:
Yes , butter conta1ns a proportion of the original fat globules of
the cream in an undisturbed condition.
The protein membrane of these globules
still contain a pr ote in layer.
Additional protein is present in the aqueous
phase .

Are the llquld cryst al
structures shown 1n F1gure 22 cons1stent
with rheological propert1es of these
phases ?
In general, how 1mportant are
liquid crystals in determining rheological properties of fat containing
foods?
Author:
The liquid crystal structures ln
bulk are definitely consistent with rheological pr operties .
These structures are
most important in emuls1ons and much of
the research in this area has been
related to emulsion stability.
D N Holcomb:
Will the author g1ve his
opinions as to the future course of
studies of the microstructure of fats and
emulsions?
Can we expect advances in our
understand ing o f these systems through
techniques such as low angle X-ray
scatter1ng, Fourier transform IR, etc. ?
Are there any staining techniques that
might prove useful in lip id m1croscopy ?
Author :
I have tried to emphasize in my
paper that this is an extremely difficult
area of stud y .
No si ngle technique is
adequate and various complimentary techniques should be used.
The problem with
much of mi croscopy is that it is not
quantitative .
More quantitative inform ation is desirable.
Low angle X-ray
techniques are required for long spacings.
Unfortunately, cameras such as the
Guinler -Simon are not suitable for th1s.
There is a possibility that suitable
modifications to this equipment can be
made.
Differential staining, e.g. of
solid and liquid fat, may be useful in
certain cases.

Ha ve you done any work with
N Krog:
phase contrast or fluorescence microscopy?
Or can you give any reference to
such studies in relation to food text ure ?
No, we ha ve not used phase
Author:
contrast or fluorescence mi croscopy for
work with fats.
Ther e appears to be no
particular a dv antage for these techniques in the area of fats, and I know of
no recent published work .
F .R. Paulicka: Please comment on the influence of mechanical working (shear, compression) on fat crystal morphology.
Author: The effect of mechanical working
on fat rheology is well documented. However,
to my knowledge, no body has been able to
demonstrate what h ap pens by using microscopy.

N Krog:
Can you explain in more detail
what the Guinier-Simon camera can do?
Indicate advantages and limltatlons in
using this camera against others.
Author:
The Guinier-Simon camera can
provide sharp diffraction patterns of fat
samples being temperature programmed in
as many as 8 steps over the range of -100
to 100 C.
It is not suitable for low
angle measurements.
N Krog:
Have you studied the influence
of crystal modifiers like sorbitan tristearate on the recrystallization problems 1n Canals margarine?
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MORPHOLOGICAL AND TEXTURAL COMPARISONS OF SOYBEAN MOZZARELLA CHEESe
ANALOGS PREPARED WITH DIFFERENT HYDROCOLLOIDS
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P. 0. Box 731, Rye, New York 10580

Abstract

Introduction

The morphology and texture of mozzarella
cheese analogs prepared from soy protein
isolate, gelatin, fat and different
hydrocolloids (gums) were evaluated and
compared. The fracturability, hardness and
adhesiveness of the cheese analog gels were
found to be proportionally related to the
amount of fat and gelatin, and concentration
and viscosity of gums. However, the
stretchability of the cheese analog progels
was not controlled by the viscosity of gums,
but by the amount of gum and gelatin in the
formulation. Fat content affected the
fracturability and hardness, but did not have
a significant effect on the other textural
parameters or stretchability. This physical
relationship enabled the preparation of
cheese analogs with a broad range of fat
contents. Microstructural studies indicated
that gums with a lower viscosity formed a
uniform and delicate gel network. Gums with
a higher viscos i ty tended to form clumps in
the gel network which might retard the
alignment of molecules in the progel state
and hence, adversely affect the stretching
properties of the analog.

The development of imitation mozzarella
cheese products has progressed rapidly. Most
of these products are made from caseinate, a
milk protein derivative, which currently is
imported and hence the price is expected to
remain high. Therefore, it would be
advantageous to use several novel, less
expensive proteins in the formulation -- such
as soybean or peanut proteins -- to replace
the caseinate (Taranto and Yang, 1981;
Ramamurti et al., 1964; Hannigan, 1979).
Previous reports (Taranto and Yang, 1981;
Yang and Taranto, 198 2 ) detailed the development of a mozzarella cheese analog prepared
from soy protein, gelatin, fat and gum
arabic. These analogs exhibited a typical
cheese texture at room temperature. When
heated, the analogs melted and stretched in a
manner similar to that of natural low
moisture-part skim mozzarella cheese.
When used at a concentration of 40% (w/v;
40 g. gum dispersed in 100 ml water), gum
arabic induced a pseudoplastic flow behavior
in the progel. The analog proge l stretchability was simila r to that found in melted
mozzarella cheese (Taranto and Yang, 1981;
Yang and Taranto, 1982). The high solids
content of the analog -- composed of gum
arabic, gelatin and soy isolate -- was found
to induce a "bundle" pattern in the stretched
progel similar to natural mozzarella.
However, gum arabic used at a concentration
of 40% (w/v) is not only costly but induces a
tackiness on the surface of t he cheese analog
gel. Therefore, the use of other gums and
hydrocolloids for the manufacture of cheese
analogs was investigated. The results of
this investigation are presented here.

Initial paper received March 4, 1982.
Final manuscript received September 9, 1982.
Direct inquiries to M.V. Taranto .
Telephone number: 914-899-0341.

Materials and Methods
Raw Materials
Soy protein isolate, Promine-D, was
purchased at the start of this research from
Central Soya Co. (Fort Wayne, IN). However,
since that time, Central Soya has sold the
soy isolate business to Archer Daniels
Midland (Decatur, IL). A product, Ardex D,
similar to Promine D is now being
manufactured and sold by Archer Daniels
Midland Co. Type B gelatin (128 bloom) was
obtained from Baker Chemical Co.

KEY WORDS: Soybeans, Mozzarella Cheese
Analogs, Hydrocolloids, Stretchability,
Texture Profile Analysis.
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(Phillipsburg, N.J.). A food grade mixture
of powdered xanthan gum-locust bean gum-guar
gum (XLG) was obtained from Kelco Co.
(Rahway, N.J.) and a powdered guar gum
(Jaguar A-40-F) was obtained from Celanese
Plastics & Specialities Co. (Louisville,
KY). Partially hydrogenated shortening made
from coconut oil (Hydro-100) was obtained
from Durkee Industrial Foods Group (Chicago,
IL).
Sample Preparation and Rheological Evaluations
All samples were prepared and evaluated
according to Taranto and Yang (1981) and Yang
and Taranto (1982). Details of the sample
preparation are given in the two referenced
papers.
Textural properties such as fracturability, hardness, adhesiveness, cohesiveness, springiness, gumminess and chewiness of
the gel were evaluated using the Instron
Universal Testing Machine. Stretchability of
the progel is measured with the Weissenberg
test (Taranto and Yang, 1981). The progel
was the molten or melted form of the cheese
analog.
The melting quality test described by
Kosikowski (1978) was used in conjunction
with other rheological evaluations to
investigate the differences among samples
prepared with different gums. Melting
quality is defined as the amount of radial

were then mounted on SEM stubs, coated with
gold and examined with a JEOL-JSM-U3 scanning
electron microscope operated at 10 kV with a
200)lm aperture and a 13 mro working distance
at a 400 tilt.
Statistical Analysis
The F-test procedure (one way analysis of
variance) of Steel and Torrie (1960) with a
5% level of significance was used to analyze
all data. Multiple comparison of means was
performed using Tukey's Q statistic (Steel
and Terrie, 1960).
Effect of Gums
Table 1 shows the viscosities of those
gums used in this study. Gums such as guar,
locust bean, xanthan and XLG form extremely
viscous solutions at low concentrations as
compared to gum arabic. It is easy to
prepare solutions containing up to 40% (w/v)
of gum arabic at 25°C and induce a
significant thickening effect. The high
solids solution is responsible for the
excellent stabilizing and emulsifying
properties of gum arabic when it is
incorporated with a large amount of waterinsoluble materials. The use of gum arabic
at concentrations up to 40% (w/v) was
required to develop a stretchable cheese
analog (Yang and Taranto, 1982). However,
since soy protein is also an excellent
emulsifier, an investigation was initiated

Table 1:
The viscosities (centipoise) of several gums at different concentrations

(W/V)
0.5
1.0
5.0
30
40
50

Gum Arabicl

7

Guar Guml

Locust
Bean Guml

1,389
3,025
510,000

20
59
121,000

Xanthan Gum2

XLG3

300
1,000

380
1,400
(gel)

200
936
4,163

lGlicksman, 1962
2Rocks, 1971
3Kelco Company
expansion of a sample disc of known weight
and dimensions after heating in an oven for a
specified time and temperature. These
rheological properties were correlated with
microstructural observations.
Sample Preparation for Scanning Electron
Microscopy (SEM)
All samples were prepared for SEM
according to Taranto and Yang (1981).
Samples were fixed, frozen in a liquid
nitrogen slush, freeze dried, fat-extracted
with chloroform and dry fractured. Samples

into the feasibility of using higher amounts
of soy protein as a solids enhancer and a gum
system with viscosity similar to gum arabic
but at a much lower concentration (such as
0.5-1%).
XLG was chosen primarily because of the
synergistic increase in viscosity that
results from the mixture of gums and also
because of its ability to form a thermoreversible and highly cohesive gel as the
colloid concentration is increased. Guar gum
was also studied because of its extremely
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Table 2:
Formulations for soybean mozzarella cheese analogs.l
Sample
Number
l
2
3
4
5
6
7

c

Gum, (g)
(%)2
0.5 XLG
(0.28)
1 XLG
(0.55)
l XLG
(0.55)
1 XLG
(0.50)
1 guar
(0.55)
40 gum arabic
(19.0)
40 gum arabic
(17.4)

Gelatin (g)
(%)

Soy Protein (g)
(%)

20
( 11.1)
20
( ll. 0)
30
(16.6)
30
(14.9)
30
(16.6)
40
(19.0)
40
(17 .4)

40
(22.2)
40
(22.1)
30
(16.6)
30
(14.9)
30
(16. 6)
20
(9.5)
40
(17 .4)

Fat (g)
(%)
20
( ll.l)
20
( 11.0)
20
(ll. 0)
40
(19.9)
20
( ll. 0)
10
(4.8)
10
(4.3)

Water, (g.)
(%)
100
(55.4)
100
(55.2)
100
(55.2)
100
(49.8)
100
(55.2)
100
(47.6)
100
(43.5)

commercial natural mozzarella cheese (low moisture part-skim) with
17.4% fat and 46.5% moisture.

lsamples were prepared according to the procedure described by Yang and
Taranto (1982).
2As-is percentage based on total formula weight.

high viscosity at low concentrations(Table 1).
Effect of Gelatin and Soy Protein
Both gelatin and soy protein form thermoreversible gels at a certain concentration
and temperature range. Although they are not
stretchable in the progel state, they may
have a synergistic effect on the progel
stretchability in the presence of gums.
Hence, different concentrations of these two
proteins were studied (Table 2).
Effect of Fat
Fat was found to enhance the hardness of
the cheese analog gel as well as the mouthfeel and heat meltability (Yang and Taranto,
1982). Therefore, we investigated the effect
of fat incorporation on the texture, stretchability and melting quality using mixtures in
which the solids content was reduced by
replacing the 40% (w/v) gum arabic with 1%
(w/v) of other gums (Table 2).

Figure 1 - Scanning electron micrograph of
mozzarella cheese analog prepared from 40%
gum arabic, 10% fat, 40% gelatin, and 20% soy
isolate (Sample 6 in Table 2). Note the soy
protein and gum particles (SP). AC-air cell.

Results and Discussion
Composition data on samples made from
different gums in addition to a commercial
mozzarella cheese are listed in Table 2.
Results of the Instron texture profile
analysis (TPA), Weissenberg test, melting
quality of these samples and several effects
of the key ingredients are listed in Tables
3-6. Morphological comparisons are
illustrated in Figures 1-8.
Effect of Gums
Samples prepared with 0.5 g. XLG (sample l

in Table 2) and 1 g. XLG (sample 2 in Table 2)
were compared with samples prepared with
40 g. gum arabic (samples 6 and 7 in Table
2). Although a 1% (w/v) XLG solution had a
similar viscosity to a 40% (w/v) gum arabic
solution (Table 1), cheese analog samples
prepared with 40 g. gum arabic had
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Table 3:
Objective evaluations of samples made with XLG or gum arabic.l

Sample2

Fract.
(kg)

Hard.
(kg)

Adhes.
(kgxcm)

Cohes.

Spring.
(em)

l

2

o.6g~c

0.02

6
7

0.20+b
0.02

l.l2+b
0.01

l.53,!:a
0.00

Gumm.
(kg)

Chew.
(kgxcm)

Stret.
(em)

0.40_!:0
0.02

0.60+C
0.02

oc

0.35,!:c
0.01

Melting
quality

0
0.55~b

0.05

0.50_!:a
0.01
0.28+a
0.01

l .60+a
0.03

0.55,!:a
0.01

lEach value is a mean+ S.D. (n=4). Means in the same column with different letters are
significantly differe~t (p=0.05).
2samples described in Table 2; samples 6 and 7 were external controls.

Figure 2 - Scanning electron micrograph of
mozzarella cheese analog prepared from 0.5%
XLG, 20% fat, 20% gelatin, and 40% soy
isolate (sample lin Table 2). Note the
protein "chunks" (indicated by the arrows).
AC-air cell.

Figure 3 - Scanning electron micrograph of
mozzarella cheese analog prepared from 1%
XLG, 20% fat, 20% gelatin, and 40% soy
isolate (sample 2 in Table 2). Note that
there are no "chunks". AC-air cell.

significantly higher values for the
fracturability, hardness, gumminess and
chewiness (Table 3). This could be
attributed to the higher solids content of
gum and gelatin in samples 6 and 7 compared
to that in samples land 2 (Table 2).
The amounts of fat and soy protein isolate
in the gum arabic samples were lower than
those in the XLG sample (Table 2).
Therefore, one would have expected higher TPA
values for the XLG samples. Samples prepared
with 0.5 g. and l g. XLG had similar TPA
values (Table 3). SEM micrographs revealed
that samples prepared with gum arabic
exhibited some large gum particles with

adhering soy protein (Figure 1). This was
due to the slight salting-out effect with
gelatin and gum arabic. These exuded gum
arabic-soy protein particles are believed to
be the cause of the tackiness on the surface
of the cheese analog. Samples prepared with
XLG (Figures 2 and 3) showed no visible gum
particles. The gel surfaces were not tacky.
The 0.5 g. XLG product (sample l in Table 2)
exhibited numerous soy protein "chunks" in
the gel matrix (Figure 2). No structure of
this nature was observed in the l g. XLG
product (sample 2 in Table 2; Figure 3).
It is theorized that the protein chunks in
the 0.5 g. XLG product resulted from an
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Table 4:
Objective evaluations of samples made with different gums.l
Fract.
(kg)

Hard.
(kg)

Adhes.
(kgxcm)

Cohes.

Spring.
(em)

Gurnm.
(kg)

Chew.
(kgxcm)

Stret.
(em)

Melting
quality

3

l.lO,!b
0.04

l.ll,!c
0.02

0.20+ 0
0.02

0.42+b
0.01

l. 54,!a
0.01

0.47,!0
0.01

0.72,!0
0.02

l. 07,!b
0.03

2.66+a
0.08-

5

1.34,!a
0.09

l. 49,!a
0.04

0.36+a
0.04-

0.50,!a
0.03

l. 53,!a
0.00

0.74,!a
0.04

l.l3,!a
0.05

od

2.06+b
0.20

6

l.l2,!b
0.03

1.12,!0
0.01

0 .l6_!C
0.03

0.50,!a
0.01

l. 56.!a
0.01

0.56,!b
0.02

o.87.!b
0.03

0.57,!0
0.04

2.15+b
0.04-

7

0.98,!b
0.02

1.30,!b
0.03

0.28+b
0.01

0.55,!a
0.01

l. 58,!a
0.01

0.72,!a
0.01

l.l3,!a
0.03

1.44+a
0.01

1.60,!0
0.03

c

0.90,!b
0.07

l.l5,!c
0.01

0.38.!a
0.01

0.49.!a
0.03

1.52,!a
0.02

o.6o+b
0.04-

o.86+b
0.04-

l.lO+b
0.01

2.49,!a
0.05

Sample2

lEach value is a mean + S.D. (n=4). Means in the same column with different letters are
significantly differe~t (p=0.05).
2samples described in Table 2; samples 6, 7 and C were external controls.

Figure 4 - Scanning electron micrograph of
mozzarella cheese analog prepared from 1%
XLG, 20% fat, 30% gelatin, and 30% soy
isolate (sample 3 in Table 2). This micrograph was prepared from the sample in the
stretched state, note the clear, fiber-type
alignment in the stretched bundle.

Figure 5 - Scanning electron micrograph of
natural mozzarella cheese (low moisture
part-skim). This micrograph was prepared
from sample in the stretched state. Note the
clear, fiber-type alignment in the stretched
bundle.

insufficient amount of XLG to assist the soy
protein in forming a honeycombed gel network
with gelatin. The absence of chunks in the
1 g. XLG product (Figure 3) supports this
explanation.
The condensed areas in the protein matrix
of the 0.5 g. XLG product formed a slightly
(though not statistically significant,
Table 3) harder gel compared to the 1 g. XLG
product. These condensed areas also
prevented the alignment of the molecules

during stretching and therefore, the
Weissenberg test indicated a zero
stretchability for the 0.5 g. XLG product
(Table 3).
The morphology of the 1 g. XLG analog
(sample 3 in Table 2) in the melted and
stretched state is shown in Figure 4. The
fibrous elements are formed into a large
bundle approximately 20 ).(m in width. The
structural features of the melted and
stretched natural low moisture-part skim
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Table 5:
Objective evaluations of samples made with different levels of gelatin and soy isolate.l
Fract.
(kg)

Hard.
(kg)

Adhes.
(kgxcm)

Cohes.

Spring.
(em)

Gurnm.
(kg)

Chew.
(kgxcm)

Stret.
(em)

Melting
quality

2

0.58-=tb
0.02

0.69-=tb
0.02

0.20+b
0.02

0.5l_:ta
0.01

1.53-=ta
o.oo

0.35.:t0
0.01

0.54_:t0
0.02

0.55-=tb
0.05

l. 74+b
0.06-

3

l.lO+a
0.04

l.ll_:ta
0.02

0.20+b
0.01

0.42+b
0.01

1.54.:ta
0.01

o.47.:tb
0.02

0.72-=tb
0.02

1.07-=ta
0.03

2.66+a
0.08

c

0.90,:!:0
0.07

l.l5_:ta
0.01

0.38.:ta
0.01

0.49.:ta
0.03

1.52.:ta
0.02

o.60+a
0.04-

o.86+a
0.04-

l.lo::a
0.01

2.49-=ta
0.05

Sample2

lEach value is a mean.:!: S.D. (n=4). Means in the same column with different letters are
significantly different (p=0.05).
2samples described in Table 2; sample C was an external control.

Figure 6 - Scanning electron micrograph of
mozzarella cheese analog prepared from 1%
guar gum, 20% fat, 30% gelatin, and 30% soy
isolate (Sample 5 in Table 2). Note that a
non-uniform honeycombed protein network is
formed. AC-air cell.

Figure 7 - Scanning electron micrograph of
mozzarella cheese analog prepared from 1%
XLG, 20% fat, 30% gelatin, and 30% soy
isolate (Sample 3 in Table 2). Note the
uniform, honeycombed protein network. AC-air
cell.

mozzarella cheese are shown in Figure 5.
There is an alignment of the fibrous elements
with the fibers ranging from 0.5-6)4m in
width. The stretched protein matrix shows
numerous small voids which are separated by
thin membranes (Figure 5). There was no
significant difference in the stretchability
between the 1 g. XLG analog (sample 3 in
Table 2) and the natural mozzarella cheese
(Table 4). Therefore, it appears that the
formation and alignment of fibrous elements
in the melted and stretched product is
required for the analog to exhibit a stretchability equal to that of natural mozzarella
cheese.
A 1% (w/v) guar gum solution has a

viscosity about triple and double that of 40%
(w/v) gum arabic and 1% (w/v) XLG solutions,
respectively (Table 1). Analogs prepared
with 1 g. guar gum (sample 5 in Table 2) had
significantly higher values for fracturability and hardness than the analogs
prepared with 1 g. XLG (sample 3 in Table 2)
or co~nercial mozzarella cheese (Table 4).
Adhesiveness of sample 5 (guar) was the
highest among the samples prepared with
different gums and was comparable to that of
the commercial mozzarella sample (Table 4).
Cohesiveness showed no significant difference
except for the lower value of the 1 g. XLG
analog (sample 3) (Table 4).
There was no detectable stretchability in
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Table 6:
Objective evaluations of samples made with different fat contents.l

Sample2

3
4

c

Fract.
(kg)

Hard.
(kg)

Adhes.
(kgxcm)

l.lO+b
0.04-

l.ll~b

o.2o~b

0.02

0.02

1.24+a
0.06

1.25~a

0.23~b

0.05

0.03

Cohes.

Spring.
(em)

0.42+a
0.01

1.54~a

o.47~b

0.01

0.01

0.46+a
0.01

1.55~a

0.57~a

o.88~a

0.01

0.01
o.60+a
0.04-

o.go~b

1.15~b

0.38~a

0.4g~a

1.52~a

0.07

0.01

0.01

0.03

0.02

Gumm.
(kg)

Chew.
(kgxcm)

Stret.
(em)

Melting
quality

0.72~b

1.07~a

0.02

0.03

2.66+a
0.08-

0.02

o.88+b
0.08-

0.03

0.86+a
0.04-

1.1o~a

2.4g~a

0.01

0.05

2.28~b

lEach value is a mean+ S.D. (n=4). Means in the same column with different letters are
significantly different (p=0.05).
2samples described in Table 2; sample C was an external control.
(Figure 4). This analog (sample 3) exhibits
a stretchability equal to that of commercial
mozzarella cheese (Table 4). The very dense
protein matrix of the 1 g. guar analog
(sample 5, Figure 6) is similar to the matrix
seen in the 0.5 g. XLG analog (sample 1,
Figure 2). Neither of these two samples had
a stretchability that could be measured with
the Weissenberg test.
The condensed protein matrix, in some
manner, must prevent the formation and
alignment of the fibrous elements when the
analogs are melted and stretched. Without
the formation of the fibrous bundles, the
product will not exhibit the stretching and
stringing characteristics of melted
mozzarella cheese.
Effect of Gelatin and Soy Protein
Cheese analog samples 2 and 3 each
contained the same amount of XLG and fat
solids (Table 2). Sample 3 contained equal
portions of gelatin and soy protein, whereas
sample 2 contained gelatin and soy protein in
a 1:2 ratio (Table 2). The TPA results
indicated that sample 3, which had TPA values
similar to the commercial mozzarella cheese,
had almost twice the fracturability, hardness
and stretchability as sample 2 (Table 5).
This clearly indicates that gelatin
contributed to both the gel texture and
progel stretchability. The higher
thermoreversible character of a gelatin gel
(compared to a soy protein gel) enhanced the
melting quality of sample 3 (Table 5). No
distinct structural difference was detected
between sample 2 (Figure 3) and sample 3
(Figure 7). The rigidity of the resultant
gels appears to be dependent upon the
concentration ratio of gelatin and soy
protein when all other ingredients are held
at a constant level.

Figure 8 - Scanning electron micrograph of
mozzarella cheese analog prepared from 1%
XLG, 40% fat, 30% gelatin, and 30% soy
isolate (Sample 4 in Table 2). Note that the
size of the network voids is much smaller and
the protein matrix is denser than in sample 3
(Figure 7). AC-air cell.

the 1 g. guar gum analog (sample 5, Table 4).
The highly viscous guar gum tended to bind
the proteins (soy and gelatin) into a dense
matrix (Figure 6). There is a non-uniform
honeycombed protein network. The air cells
are numerous and variable in size (Figure
6). These structural features result in a
much less flexible structure. The cheese
analog made from 1 g. XLG with the same
levels of soy protein, gelatin, fat and water
(sample 3 in Table 2) exhibits a uniform,
honeycombed protein matrix (Figure 7). This
honeycombed matrix reforms into fibrous
bundles when melted and stretched
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Stainsby G. (1977) The gelatin gel and the
sol-gel transformation. In "The science and
technology of gelatin,"A.G. Ward and A.
Courts, eds. Academic Press, NY pp. 179-20 7.
Steel RGD, Torrie JH. (196o) "Principle a nd
procedures of statistics," McGraw-Hill, NY
pp. 109-110.
Taranto MV, Yang CS. (1981) Morphological and
textural characterization of soybean
mozzarella cheese analogs. Scanning Electron
Microsc. 1981; III : 483 - 492 .
Yamano Y, Miki E, Fukui Y. (1981) Effect of
palm oil on the texture of soybean protein
gel. Nippon Shokuhin Kogyo Gakkaishi
18:131-135.
Yang CS, Taranto MV. (1982) Textural
properties of mozzarella cheese analogs
manufactured from soybeans. J. Food Sci.
47(3): 906-910.

Effect of Fat
Increasing the amount of fat while
holding the level of other ingredients
constant (sample 3 and 4 in Table 2) was
found to significantly increase the fracturability and hardness of the XLG cheese analog
(Table 6). The stretchability and melting
quality of the analog were significantly
decreased at higher fat levels (Table 6).
The increase in hardness is due to the
reinforcement effect of the additional fat in
the gel system (Stainsby, 1977; Yang and
Taranto, 1982)
The XLG analog prepared with a higher fat
level (sample 4 in Table 2) is shown in
Figure 8. The additional fat appears to have
disrupted the uniformity of the honeycombed
protein matrix (Figure 8). The size of the
network voids has been reduced compared to
the XLG analog with a lower fat content
(sample 3 in Table 2; Figure 7). This
decrease in size of the voids resulted in a
denser protein network (a greater amount of
solids per unit volume). This increase in
density resulted in a higher gel resistance
(rigidity) and lower stretchability. These
data are in agreement with Yamano et al.,
(1981) who concluded that fat delayed soy
protein gelation which resulted in a fine and
hard gel structure.

DISCUSSION WITH REVIEWERS
D. N. Holcomb: In the introduction you cite
the (price) advantage of using "less
expensive proteins ••• such as soybean ••• "
The formulations shown in Table 2 rely
heavily on gelatin. Is it a "less expensive"
protein?
Authors: The current price for soy protein
isolate is about $1.10/pound and gelatin
about $2.15/pound. Refinement of our
formulation to reduce the amount of gelatin
is necessary to reduce the overall ingredient
cost. We have studied a few other gelling
agents, but none have performed as well as
gelatin.

Conclusions
Cheese analogs prepared with XLG were
found to be the most similar to natural low
moisture-part skim mozzarella cheese. In
particular, sample 3 (Table 2 ) had the best
match with mozzarella cheese in both the gel
and progel states. Most important was that
the XLG analogs were not tacky on the gel
surface compared to the very tacky surface of
the gum a rabic analogs. The concentration
ratio of gelatin and soy protein was found to
significantly affect the gel and progel
characteristics. Cheese analogs made with an
equal proportion of gelatin and soy protein
(sample 3 in Table 2) were found to have the
best match with the TPA values and stretchability of mozzarella cheese.

D.N. Holcomb: What are the organoleptic
qualities of these products? Do taste panels
agree that sample 3 is the most similar to
natural mozzarella cheese?
Authors: The a nalogs as we prepare them have
a very bland flavor. At th i s time, we hav e
not run any formal sensory panels to compare
products. We concluded that sample 3 was the
most similar to mozzarella cheese based on
our morphological and textural data.
K. Saio: Would you please explain what
structural features of melted and stretched
cheese are associated with "fiber alignment?"
Authors: When our cheese analog and natural
mozzarella cheese is melted and stretched,
the protein matrix in both products i s
elongated into large parallel fibrils. In
the case of our cheese analog, these fibrils
are interlaced in a rope-like fashion. In
the natural mozzarella cheese, the fibrils
appear to be crosslinked by a network of fine
fibrils. In both cases, the fiber allignment
we refer to is the parallel array of the
large (coarse) fibrils.
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W. J. Wolf: How did you ascertain that the
large particles in the gum arabic containing
analog (Figure 1) were gum arabic and that
the adhering material was soy protein?
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2, 3 in Table 2). Except for sample 7 (Table
2), all the remaining analogs ranged between
48 to 55%. This range of moisture content
was taken into account in the initial design
of our experiment. Our initial data
indicated a minimal effect on the TPA values
over this range of moisture. We have
recently completed a more detailed study on
the effect of moisture content on the cheese
analog TPA values. These data will be
discussed in our next paper.

Although you attribute tackiness on the
surface of the analog to the "gel particles"
did you actually observe such particles on
unfractured surfaces?
Authors: The large particles and adhering
material were differentiated on the basis of
their size and morphology. The morphology of
the adhering material closely parallels the
characteristics of soy protein particles
reported by A. Hermansson (J. Amer. Oil
Chemists Soc. 56: 275, 1979). We did not
observe the "gel particles" on unfractured
surfaces.
W. J. Wolf: What is the basis for
attributing a "salting out" effect to gelatin
and gum arabic in regard to the "adhering soy
protein" on the large particles?
Authors: We believe this effect is due to a
competition for the limited water available
during the heat treatment phase of the analog
manufacturing procedure. The soy proteins do
not appear to effectively compete with the
gelatin and gum arabic for the limited
hydration water.
M. Kalab: Which polysaccharides in the
various gums are responsible for the high
viscosities of their solutions ?
Authors: The viscosity of the various gum
solutions is due to the structural features
and molecular weight distribution of their
respective polymers. We refer you to the
textbook entitled: "Industrial Gums Polysaccharides and their Derivatives,"
R. L. Whistler, Ed., Academic Press, 1959,
for further details.
M. Kalab: Was the micro s tructure of gelatin
and soy protein mixtures studied in the
absence of gums? If yes, how did
non-stretchable structures differ from the
stretchable ones made with the gums?
Authors: No, we did not study the
microstructure of gelatin/soy protein gels in
the absence of gums. We did study the
textural properties of such systems. A
cheese analog can be made from gelatin and
soy protein without gums. However, an excess
of gelatin is required for the system to
exhibit a texture which simulates a natural
cheese. The system will melt when heated,
but it is not stretchable.
D. A. Froehlich: Even though all
formulations for the soybean mozzarella
cheese analogs included 100 g. water, the
final moisture content of the cheeses would
have covered quite a wide range
(approximately 43 to 55%). Was any
consideration given to the effect of moisture
content of cheeses to the TPA values?
Authors: Moisture content is indeed an
important factor in TPA evaluations. In
these experiments, we tried to keep the
moisture content of the analogs prepared with
the same ingredients constant (see samples 1,
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Introduction

Abstract
An agglomerated spray-dried whole milk powder
has been studied by electron microscopy before and
after extracting approximately 10% of total fat
with petroleum ether at 25°C for l hour. The powder
samples were suspended in polyethylene glycol,
cryofixed and further prepared by the freeze-frac turing technique. These studies demonstrate that
the solvent-extractable fat (the so-called 'free
fat') consists partly of surface fat and partly of
fat extracted from fat globules within the powder
particles. The spatial distribution of such solventaccessible fat globules appeared to be rather uneven, i.e. whereas certain limited volumes within
a powder particle showed an almost complete extraction, others remained unaffected. There were
no indications that fat globules near the periphery of the powder particles were more accessible
for the solvent than those in the interior of the
particles. The results of this study generally
confirm the model by Burna for the distribution of
'free fat' in dried milk.
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Fat-containing powders such as, e.g. cream
powder or whole milk powder, generally lose a
certain portion of their fat when treated with
organic fat solvents. The amount of extractable
fat, the so-called 'free fat', is not only dependent upon the extraction conditions (type of solvent,
temperature, time, mechanical movement etc. ) but is
also strongly influenced by manufacturing and
storage conditions of the powder. Generally, high
'free fat' values have negative effects on such
powder properties as e.g. storage stability, wettability and dispersibility, and stickiness (l-6).
In a very detailed and comprehensive study,
Burna (4) investigated aspects of the quantitative
determination of 'free fat', relation of the 'free
fat' to the structure of the powder particles, to
processing and storage conditions, and to other
physical properties of the powders. He proposed
a detailed model for the distribution of 'free fat'
in spray-dried milk. According to this model, 'free
fat' consists of fat found on the outer surface of
the powder particles and of fat which is accessible
for solvent extraction in the interior of the
particles. By studying the dependence of 'free fat'
on extraction time it has been found that the surface fat is removed almost instantaneously whereas
the extraction from the interior is a slow
diffusion-like process (1, 4).
Light microscopy can be applied to visualize
surface fat on milk powder particles after staining
with osmium tetroxide vapour (3).
Electron microscopical evidence for thin layers
of fat on the surface of milk powder particles has
been first described by MUller (9) using thin-sectioning. By freeze-fracturing powder suspensions in
non-aqueous media it should be possible to more
precisely localize 'free fat' in dried milk products
(2). By applying this technique to a spray-dried
whole milk powder before and after extraction with
a fat solvent it was attempted to obtain direct
evidence for the distribution of the 'free fat'.
Material and Methods
For this study a commercially available agglomerated spray-dried whole milk powder, not coated
with a lecithin-fat mixture, was used. Its fat content was approximately 26 g per 100 g of powder.

KEY WORDS: Whole milk powder; Free fat; Surface
fat; Freeze-fracture.
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The exact processing conditions of this powder,
however, could not be ascertained.
'Free fat' was extracted according to a procedure described earlier (1). 500 mg of the powder
was added to 50 ml petroleum ether (boiling range
40-60°C), allowed to stay in it for 1 h at 25°C,
and was gently shaken every 10 min. Thereafter the
solvent was separated by paper filtering and the
powder particles were allowed to dry in air for
15 min at room temperature.
The preparation for electron microscopy followed the procedure described elsewhere (2). The
original and the extracted powders were mixed with
polyethylene glycol (molecular weight 400) in
amounts to produce highly viscous yet flowing suspensions. Small amounts (1-2 11l) of the suspensions
were transferred onto normal freeze-fracture specimen holders (Balzers). The specimens were cryofixed by immersion into melting Freon 22 (-160°C).
Freeze-fracturing was carried out in a Balzers
BA 360M unit. The specimens were cleaved at -ll0°C
and replicated by shadowing with 2 nm platinum/
carbon at 45 degrees and a subsequent evaporation
of 15 nm carbon using electron guns. For cleaning
the replica film, the specimens were at first
carefully immersed in pure polyethylene glycol,
the replicas were then stepwisely transferred onto
the surface of pure water. The milk powder constituents were removed by a treatment in a sodium
hypochlorite solution and in acetone, using pure
water as an intermediate medium.
Results and Discussion
The extraction procedure resulted in a loss
of 2.45 g 'free fat' per 100 g of milk powder or
9.5 g 'free fat' per 100 g fat.
When suspensions of spray-dried milk powders
in polyethylene glycol are freeze-fractured,
either cross-fractures through individual powder
particles or fractures along the boundary surface
between the particles and polyethylene glycol are
produced. However, it could be observed that surface fractures occurred preferentially only if the
powder particle had been fractured out of the polyethylene glycol matrix leaving behind its surface
re 1 i ef as a counterpart. From a com pari son of
numerous micrographs showing surface views of the
powder particles, it could not be concluded with
certainty whether the cleavage occurred only between the outermost layer of the surface fat and
the polyethylene glycol matrix or whether occasionally this superficial fat was also cleaved internally along its individual monolayers.
Such surface views of particles of the origi nal powder frequently revealed the typical morphology of thin layers of crystallized fat (Fig. 1
and 2). The distribution of such surface fat is
rather uneven. One can find powder particles which
are more or less entirely covered with fat (Fig. 1)
whereas others are devoid of fat. These layers of
surface fat exhibit a high degree of crystalline
order (Fig. 2) which is characteristic for highmelting fractions of milk fat. Occasionally layers
of surface fat can also be detected at the periphery of cross-fractured powder particles as shown
in Fig. 3. This micrograph demonstrates also the
local occurrence of the surface fat as crystalline
aggregates consisting of several monolayers, each

Fig . 1. La yers of fat on the surface of an origi nal
whole milk powder particle (co u nterpart of the true
particle surface within th e polyethylene glycol
(pe g ) phase) .
Th e arrow indicates the direction
of shadowing . Bar , 1 lJm .
Fig . 2 . Particularly regular crystal layers of
s urface fat. Bar, 1 11m .

approximately 5 nm thick.
Whereas the particle surfaces of the solventtreated milk powder appeared largely devoid of any
fat deposits, the effect of this treatment on the
internal fat phase, i . e . the finely dispersed fat
globules, became very obvious in the cross-fractures of the particles. In the respective micrographs, one can clearly distinguish between fat
globules which have not been affected by the solvent and those which have been completely extracted
leaving empty cavities.
Generally it was observed that solvent-accessible fat globules are rather unevenly distributed
within the powder particles. Fig. 4 shows an
apparently small powder particle (diameter of the
cross-sectional area visible, 7-8 11m), where the
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Fig . 3 . Vie w (cross-fract ure ) of a local accumulation of s urfa ce fat ( sf) at t he interface between
the mi lk powder particl e (mp) and polyethylen e
g l ycol (p eg). em : casei n micel l e s. Bar, 0 . 5 ~Fig . 4 . A sma l ler milk powder particle after th e
treatment wi th th e fa t solvent . Empty cavities (c)
repres e nt extracted fat globules . fg : s t ill intact
fat g lobules . Bar , l~m .
Fig . 5 . Periphera l part of a milk powder particle
after ex tra ction of ' free fa t'. Note the hi gh perce nta ge of i ntact fat g lobul es in th at area .
Bar, 1 ~m .

fat of most fat globules has been removed by the
solvent. The background structure within these
empty globules has a slightly undulating appearance.
It seem s that at least some of these extracted fat
globules are directly adjacent to each other.
In contrast to this high degree of local fat
extraction one can easily find powder particles or
at least parts of particles where the solvent obviously had no access to the fat globules. Such
intact fat globules occurred in more central parts
as well as directly near the periphery of the
powder particles. Fig. 5 shows such an area near
the surface of a particle. Fig. 6 is another
example of a more peripheral area of a larger powder particle having lost a considerable amount of
fat during extraction. The characteristic feature
in that micrograph (even more easily distinguished
in Fig. 7) is the fact that polyethylene glycol
has partly penetrated into the cavities of the
extracted fat globules. The amorphous fine structure of that embedding medium enables the differentiation from the fat phase.
Summarizing t he overall observations on the
degree of fat extrac tion from the interior of the
powder par ticles it is striking that it occurred
preferentially in limited areas. Loc al accumulations of 'empty' fat globules often alternated
with apparently intact areas in the immediate
vicinity.
Finally it should be mentioned that the micrographs of cross-fractured powder particles did not
exhibit the fine capillaries which necessarily
must exist in order to allow the extraction from
the individual fat globules. One possible ex planation could be that such capillaries are very
narrow and are perhaps filled with polyethylene
gl yeo 1.
The structures in Fig. 6 and 7 demonstrate
clearly that the spaces left by extracted fat
globules can take up the embedding medium.
The results described above confirm the model
of Burna (4 ) concerning the origin and distribution
of 'free fat' in dried milk. According to this
model, the solvent-extractable portion of the total
fat results from 4 different sources:
(I) 'surface fat'; (I I) 'outer 1ayer fat', i . e .
fat from fat globules in the surface layer which
are directly exposed to the solvent; (III) 'capillary fat', i.e. fat from fat globules in the interior of the powder particles, which is extracted
through capillary pores or cracks, and (IV) 'dissolution fat', i . e . fat from internal fat globules
which can be reached by solvents via the holes left
by dissolved fat globules in the outer particle
layer or close to wide capillaries in the powder
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Fig. 6. Peripheral part of a milk powder particle
after the extraction of 'free fat '. Note the high
percentage of extracted fat globules (c). Bar , 1 ~m.

particle.
From the observed distribution of extracted
fat globules within powder particles it is suggested that the so-called 1 dissolution fat• component contributes a high proportion to the •free
fat• extractable from the interior of the milk
powder particles.

Fig. 7. Part of Fig. 6 demonstrating that polyethylene glycol (peg) is able to partly penetrate
extracted fat globules . Bar, 1 ~-
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Discussion with Reviewers
R.J. Carroll: Have you examined an extracted nonagglomerated whole milk powder? How would the
electron microscopic appearance of this product
compare with that of the agglomerated milk powder
observed in this study?
Author: During a few preliminary examinations of
extracted non-agglomerated whole milk powders we
made similar observations as with the agglomerated
powder. A very careful qualitative and quantitative
evaluation of a greater number of micrographs will
probably be necessary to completely characterize
different whole milk powders. A major problem will
be that the freeze-fracture technique allows only
single cross-sectional areas of powder particles
to be inspected.
J. de Vilder: Is it possible to give an explanation
for the difference of surface fat coverage of powder
particles (Fig. 1)? As the results of this work are
based on particles from the same whole milk powder,
it would be very interesting to know if the presence or absence of •free fat• in different particles is due to the structure of the powder, the
size of the particles (cyclone powder compared to

3. Buchheim W, Samhammer E, Lembke J. (1974). Die
lichtmikroskopische Sichtbarmachung von Fett
auf der Oberflache von Milchpulverteilchen.
Milchwissenschaft ~. 513-517 .
4. Burna TJ. (1971). Free fat and physical structure
of spray dried whole milk. Thesis, University
of Wageningen (The Netherlands), also published in Neth. Milk Dairy J. 22, 22-27 (1968)
and 25, 33-41, 42-52, 53-7~ 75-80, 88-106,
107-122,123-140,151-158,159-174 (1971).
5. de Vilder J, Moermans R, Martens R. (1977). The
free-fat content and other physical characteristics of whole milk powder. Milchwissenschaft
_g, 347-350.
6. King N. (1965). The physical structure of dried
milk. Dairy Sci. Abstr. 1r, 91-104.
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the main powder), the presence or absence of
vacuoles etc.
Author: From the several studies we made so far, a
definite answer cannot be given. I would assume,
however, that there is a relationship between the
amount of surface fat on individual powder particles and their physical properties (size, internal
structure etc .) which has to be revealed by
systematic comparative studies.
J. de Vilder: You mentioned that the high degree
of crystalline order of the layers of surface fat
is characteristic of high-melting fractions of
milk fat (Fig. 2). Does this mean that in general
the composition of the 'free fat' is different
from the original composition of the milk fat?
Author: According to some preliminary measurements
of the index of refraction and the fatty acid composition of the surface fat and the total fat it
is concluded that there is some fractionation with
the accumulation of higher-melting fat fractions
at the surface of the powder particles.
J. de Vilder: It is a common idea that, besides
the fact that the solvent has to be able to come
into contact with the fat, one only has 'free fat'
if also the fat globules are not completely covered with an intact fat globule membrane. Is it possible to find a confirmation for this theory in
the presence or absence of fat globule membranes
in this work?
Author: Although the micrographs were inspected
carefully, no evidence could be obtained on the
degree of integrity concerning the membranes of
extracted fat globules. The sites at which the
solvent came into direct contact with the fat
phase are somewhat obscured similar to fine capillaries and cracks within the powder particles.
J. de Vilder: It is described that local accumulations of 'empty' fat globules often alternated
with apparently intact areas in the direct vicinity. Is there any explanation for this observation?
Author: The only explanation I can give is that
the solvent probably penetrates into the powder
particle along fine capillaries and cracks and
only dissolves the fat from those fat globules
which are accessible along such channels.
J. de Vilder: In this work, a commercially available agglomerated spray-dried milk powder has been
studied. Does the author think that the same result and conclusions would be obtained if different
kinds of whole milk powders would be studied? The
influence of homogenization of the concentrate
would be particularly interesting in this respect.
Author: I would assume that a careful comparative
study of whole milk powders manufactured in different ways would result in characteristic differences, especially if the extraction curves of such
powders show distinct differences.
D.H. Bullock: There seems to be considerable inconsistency as to which areas of the particles are
attacked by the solvent, that is, why are some
peripheral areas inaccessible. Is it possible that
some cavities which have been interpreted as having
had the fat removed by the solvent are cavities
resulting from a breaking out of the fat globule
at time of fracture owing to the fracture occurring at the globule membrane or interface?
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Author: The appearance of freeze-fractured milk
powders before and after extraction makes it
rather unlikely that some of the cavities in the
extracted samples resulted from a breaking out
of the fat globules during cleaving.
D.H. Bullock: Could the inconsistency be due in
part to the lactose being crystallized in some
areas and amorphous in others following the instantizing process? (I have presumed that agglomeration
was the result of a rewetting and redrying instantizing process.)
Author: Since crystallization of lactose could not
be observed in areas largely extracted by the
solvent, it remains questionable whether a local
crystallization of lactose is responsible for the
inhomogeneous extraction of fat.
T.J. Burna: Is it possible that during the freezefracturing, one part of the fat globules remains
in one half and another part of the fat globules
remains in the other half of the sample? If it
is not impossible, at least a part of the cavities
(empty fat globules) could be an artifact due to
the fracturing process.
Author: Although the possibility exists that a fat
globule is fractured at its periphery, the typical
appearance of the cavities, i.e. empty fat globules, enables a clear identification. This differentiation is, of course, easier to be made with
larger than with very small fat globules.
M. Kalab: You have mentioned that the background
structure of empty fat globules in the extracted
milk powder particles has a slightly undulated
appearance. This is particularly well evident in
the globule below the centre in Fig. 4. Do you
assume that the 'bumps' are casein micelles? What
is the material binding them?
Author: It is somewhat difficult to understand
and interpret this peculiar structure of the
inner surface of empty fat globules. Since the
fat globules of this powder are homogenized fat
globules which have casein micelles and submicelles
adsorbed at their surface as a secondary membrane,
the 'bumps' could indeed represent casein particles.
But I would assume that the drying process itself
plays a role in the development of this peculiar
fine structure.
M. Kalab: It is interesting to observe that some
cavities after fat extraction are filled with
polyethylene glycol in large dry milk particles
whereas no cavities are filled in the small particles shown in Fig. 4. Have you studied the conditions for a complete impregnation of the powder
particles with polyethylene glycol?
Author: Although I have not yet studied the conditions for a complete impregnation with polyethylene glycol, I would assume that only those
cavities are filled quickly which have wider
openings through which polyethylene glycol can
flow in and the entrapped air can escape.
M. Kalab: Was the loss of fat from the milk powder
particles due to extraction with petroleum ether
gradual or was it in steps corresponding to the
individual kinds of fat in the product? Could you
please show a diagram obtained by plotting the
amount of fat extracted versus time to show the
rate of extraction?

W. BUCHHEIM

Author: Burna (4) has demonstrated that the loss of
fat with increasing extractton time showed considerable variation between different powders and
depended also on the extraction conditions. During
extraction, one 'step' occurs only at the very
first beginning, i.e. when the surface fat is removed, thereafter the loss of fat is a rather slow
process (1). The following diagram demonstrates
the observed differences between a non-agglomerated (x) and an agglomerated (e) spray-dried whole
milk powder.
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Fig. B. Extraction of fat with petroleum ether
from a non-agglomerated ( X) and an agglomerated (e)
spray-dried whole milk powder. Extraction was
carried out at 25°C.
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LITERATURE ABSTRACTS
The purpose of this new section is to provide readers of FOOD MICROSTRUCTURE with abstracts of papers
on food microscopy and related subjects. Abbreviations LM, EM, SEM, and TEM stand for light microscopy,
electron microscopy, scanning electron microscopy, and transmission electron microscopy, respectively.
The abstracts are either author's own or have been prepared by the editors. FOOD MICROSTRUCTURE invites
abstracts from other journals; each abstract should bear the original title, with translation in English
where applicable, names of all the authors, address of the senior author, full (unabbreviated) name of the
journal, year, volume, issue (if available), and inclusive pages. Please contact the authors directly for
reprints of articles. These abstracts have been organized in no particular order. Please contact Dr. Kalab
if you wish to submit abstracts for FOOD MICROSTRUCTURE.
MICROSTRUCTURE OF VARIOUS CHEMICAL COMPOUNDS
CRYSTALLIZED IN CHEDDAR CHEESE.
Washam CJ, Kerr TJ, Hurst VJ. 1982. Journal of
Food Protection 45(7), 594-596. (Dept. of Dairy
Sci., Univ. Georqia, Athens, GA 30602, U.S.A.).
Tyrosine, sorbic acid, Ca lactate, Ca phosphate,
and NaCl, which have been reported to occur as
crystals on various cheeses, were induced to
crystallize on the surface of mild Cheddar cheese.
The crystals were examined by SEM and photographed at magnifications ranging from l60x to
l6,000x.

of S. thehmophi~ phage had a spherical structure
at the posterior end of its tail. The bacteriophaqes of Lac.t.obacLU.iL-6 bul.ga.JU.c.M and Lac.t.obacJ..ituo he.ivetic.M had a distinct contractile tail
sheath, whereas Lac.tobacJ.~ ta~ phage did
not.
DETECTION OF CURD GRANULE AND MILLED CURD JUNCTIONS IN CHEDDAR CHEESE.
Kalab M, Lowrie RJ, Nichols D. 1982. Journal of
Dairy Science 65, 1117-1121. (Food Res. Inst.,
Aqricult. Canada, Ottawa, Ont., Canada KlA OC6).
Curd granule junctions and milled curd junctions
in Cheddar cheese were visualized by slicing the
cheese, fixing the slices in a glutaraldehyde
solution, dehydrating them in alcohol, defatting
in n-hexane, drying, and sanding with a carborundum paper. The sections were photographed with
a 35-mm camera equipped with bellows. The junctions consisted of fat-depleted areas which formed the borders between adjoining curd granules.
The curd granules were smooth and had regular
shapes and uniform dimensions in stirred-curd
cheese made by cutting the curd with wire knives
in the traditional way. Cutting of the curd with
the stirring mechanism instead of knives produced
ragged, irregular, and nonuniform granules. A
model has been suggested, which explains the formation of the curd granule junctions and their
changes during cheddaring. Cheddar cheese was
characterized by the presence of another kind of
junctions called milled curd junctions.

OBSERVATION OF FAT DISTRIBUTION IN CHEESE BY INCIDENT LIGHT FLUORESCENCE MICROSCOPY.
Shimmin PD. 1982. The Australian Journal of Dairy
Technology ]]_, 33-34. (Div. Food Res., Dairy Res.
Lab., CSIRO, Highett, Victoria, 3190, Australia).
A combined cheese tier and microslide were constructed from stainless steel and used to prepare
cheese samples (0 7 mm) for fluorescence microscopy. Freshly exposed cheese surface was stained
at 4°C with an aqueous mixture of 2 parts 0.1 %
Acridine Orange and l part 0.1 % Phosphine for 20
min and then flushed with a fresh application of
the staining solution. Excess stain was removed
with a piece of filter paper. Using a BG 12/6 mm
exciter filter and an orange screen filter, fat
appeared as yellow-green regions on the background
of protein coloured red-brown. Curd qranule
junctions in Cheddar cheese were discernible as
interfaces of protein devoid of fat. In Cheddar
cheese made from ultrafiltered milk the fat was
present in globules considerably larger than those
1n control cheese.

CURD GRANULE AND MILLED CURD JUNCTION PATTERNS IN
CHEDDAR CHEESE MADE BY TRADITIONAL AND MECHANIZED
PROCESSES.
Lowrie RJ, Kalab M, Nichols D. 1982. Journal of
Dairy Science 65, 1122-1129. (Dairy Div., Alberta
Agriculture, l~etaskiwin, Alberta, Canada T9A OS?).
Various cheese making practices produced characteristic patterns of curd granule and milled curd
junctions in Cheddar cheese. Using such patterns,
the amount of flow during cheddaring was compared
in cheese made by traditional, semi-mechanized,
and four automatic cheddaring methods. Products
from mechanized systems (Damrow Draining and Mattinq Conveyor, Bell-Siro Cheesemaker II, Cheddarmaster Cheddaring Tower, and Stoelting Automatic
Cheddaring Machine) showed less evidence of extensive cheddaring than Cheddar cheese manufactured by older conventional methods. However, in
uniformity of body and closeness of texture,
cheeses made by these automated systems were
equal to or better than cheese cheddared in the
traditional manner.

ULTRASTRUCTURES OF BACTERIOPHAGES ACTIVE AGAINST
STREPTOCOCCUS THERMOPHILUS, LACTOBACILLUS BULGARICUS, LACTOBACILLUS LACTIS AND LACTOBACILLUS HELVETICUS.
Rei nbo 1d G\~, Reddy MS, Hammond EG. 1982. Journal
of Food Protection 45(2), 119-124. (Dept. Food
Technol., Iowa StateUniv., Ames, IA 50011, U.S.A.)
Severa 1 strains of phages active against Stlleptoc.oc.c.uo thehmophi~ and species of Lac.t.obacJ..i.iuo
were examined with an electron microscope after
negative staining with phosphotungstic acid or
uranyl acetate. S. thehmophi.iM bacteriophage exhibited exceptionally long tails (polytails). The
width and structure of the polytail was the same
as a normal phage tail, 10 nm, but was 2 to 4
times longer, 480-960 nm. Preparations revealed
extensive adsorption of S. thehmopiU.iM bacteriaphage to broken bacterial cell walls. One strain

239

Literature Abstracts
pans show that, at high water-to-starch ratios,
birefringence is lost over a narrow temperature
range of about 7°C. That range increases to about
30°C at a low water-to-starch ratio (1 : 2) . No difference was found between endotherms of large and
small granule wheat starches.

A MODEL SYSTEM FOR CURD FORMATION AND MELTING
PROPERTIES OF CALCIUM CASEINATES .
Hokes -JC, Mangino ME, Hansen PMT. 1982. Journal
of Food Science 47(4), 1235-1240, 1249 . (Dept. Food
Sci. & Nutr., OhTO Agric. Res. & Dev. Center,
Wooster, OH 43210, U.S.A.).
A lipid-free model system was developed to aid in
the study of melting and other functional properties of calcium caseinates in their application
to imitation process cheese. The model system was
formed by the controlled addition of water to an
alcohol suspension of the protein. At a critical
water concentration, a curd was formed spontaneously. The recovered curd was melted and the area
of the melt determined (melt area index) . The
amount of water added, rate of water addition, and
the source of caseinate affected the melt area
index. A protein fraction, recovered from the
supernatant, was rich in Y-casein and also contained minor amounts of 8-, a -,and K-caseins .
The samples were also studiedsby light microscopy
and SEM.

ROASTING OF NAVY BEANS (PHASEOLUS VULGARIS) BY
PARTICLE-TO-PARTICLE HEAT TRANSFER.
Aguilera JM, Lusas EW, Uebersax MA, Zabik ME.
1982. Journal of Food Science 47(3), 996-1000,1005.
(Food Protein R & D Center, Texas A & M Univ .
System, College Station, TX 77843, U.S.A.).
A rotating chamber dry roaster using pre-heated
ceramic beads as heat transfer media was used to
roast navy beans. Processing conditions were:
beads temperature, 240 and 270°C; bean- to-bead
ratio, l/10 and 1/15, and contact times of 1 and
2 min . Product temperatures achieved ranged from
92 to 125°C for the 8 runs. Heat tr~ns fer coefficients varied from 3.6 to 23.4 W/(m )(°C) . Roasted products showed reduced water-soluble nitrogen
content and gel forming capacity, increased waterho 1ding capacity, and co 1d paste vis cos i ties, and
no changes in available lysine and degree of
starch damage. Residual trypsin inhibitor (TIA)
and hemagglutinin activity varied from 92 to 22%,
and 48 to 1%, respectively. A correlation was
found to exist between nitrogen solubility index
and TIA of products. Roasting caused fracture and
separation of hulls, and facilitated their removal .

GELATINIZATION OF WHEAT STARCH. I. EXCESS-WATER
SYSTEMS.
Ghiasi K, Hoseney RC, Varriano-Marston E. 1982.
Cereal Chemistry 59(2), 81-85. (Dept. Grain Sci . &
Ind., Kansas Agri~ Exp. Station, Kansas State
Univ., Manhattan, KS 66506, U. S.A.) .
The surfactants sodium stearoyl lactylate (SSL)
and monoglycerides inh i bited swelling and solubility of wheat starch at temperatures below 85°C .
At higher temperatures, SSL did not affect solubi lity, but monoglycerides effectively reduced solubility up to at least l20 °C. SEM micrographs of
starch heated in an amylograph also showed that
SSL and monoglycerides kept starch granules intact
at temperatures up to 85 °C, whereas untreated
starch was grossly deformed at that temperature.
At 95°C the difference between the SSL-treated
and the untreated starch had disappeared . Thus,
SSL apparently is effective in retaining granule
shape and starch solubility only at temperatures
of 85°C or lower. Iodine affinity values, 8-amylolysis limits, and gel filtration on Sepharose
2B-CL columns all showed that amylose was leached
from untreated starch at temperatures below 95°C.
The surfactants effectively stopped the leaching
of amylose.

FREEZE-FRACTURE ULTRASTRUCTURE OF WHEAT FLOUR INGREDLENTS, DOUGH, AND BREAD.
Fretzdorff B, Bechtel DB, Pomeranz Y. 1982. Cereal
Chemistry 59(2), 113-120. (U .S. Grain Marketing
Res. Lab. ,!USDA, Agri c . Res. Service, Manhattan,
KS 66502, U.S.A.) .
The structures of isolated flour components of
mixed doughs (containing several combinations of
ingredients), of fermented doughs, and of bread
crumb were examined by the freeze-fracture technique. Although the shapes of the small and large
starch granules were unaltered in doughs, the
gluten and the water-soluble structures appeared
completely different in the complex-dough system.
In general, water was distributed in three forms :
l. coating around starch granules and yeast cells,
2. droplets, and 3. large areas;all three changed
with protein development. Protein development was
followed from a protein network in a flour-water
dough to a sheetlike protein in a complete dough
(containing flour, water, yeast, salt, sugar,
shortening, malt, and oxidant). Both compositional
and physical (dough development) effects were indicated. A transition stage between the two structures appeared after sugar was added. Fermenting
a flour-water-yeast-salt dough did not affect the
protein network structure, but fermenting a complete dough altered the sheetlike protein to a
fine network. In bread, regular dense-structured
sheets were observed. In most doughs, proteinstarch interaction was clearly visible; thin
pearl chains or thin protein strands connected
starch and protein. Those interactions intensified
after fermentation. In bread crumb, protein and
starch were tightly connected.

GELATINIZATION OF WHEAT STARCH. III. C0~1PARISON
BY DIFFERENTIAL SCANNING CALORIMETRY AND LIGHT
MICROSCOPY.
Ghiasi K, Hoseney RC, Varriano-Marston E. 1982.
Cereal Chemistry 59(4), 258-262. (Dept. Grain Sci.
& Ind . , Kansas Agric. Exp. Station, Kansas State
Univ., Manhattan, KS 66506, U.S.A.).
A single endotherm was obtained at a high waterto-starch ratio (2:1). As the ratio was decreased
to 1:1, the endotherm decreased and developed a
trailing shoulder. Light micrographs of starches
removed from the differential scanning calorimeter

11
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DECORTICATING PEARL MILLET AND GRAIN SORGHUM IN A
LABORATORY ABRASIVE MILL.
De Francisco A, Shepherd AD, Hoseney RC, VarrianoMarston E. 1982. Cereal Chemistry 59(1), 1-5.
(Dept. Grain Sci. & Ind., Kansas Agric. Exp.
Station, Kansas State Univ., Manhattan, KS 66506,
U.S.A.).
The decortication behavior of random mating populations of pearl millet and cultivars of grain
sorghum was studied with Shepherd•s modification
of the Udy cyclone mill. Sorghum bran was removed
in large flakes during decortication, and pearl
millet bran was removed in smaller flakes. Neither
sorghum nor millet was degermed during decortication. Millets grown in Sudan required less time to
decorticate than Kansas-grown millets. Fractionati?n of the decorticate and the decorticated grain,
us1ng screens and a seed blower, indicated that
differences in decortication rate were largely
related to endosperm softness.

DETERMINATION OF STARCH GELATINIZATION BY X-RAY
DIFFRACTOMETRY.
Owusu-Ansah J, Van De Voort FR, Stanley OW. 1982.
Cereal Chemistry 59(3), 167-171. (Dept. Food Sci.,
Univ. Guelph, GuefPh, Ont., Canada NlG 2Wl).
The potential of X-ray diffractometry for quantitative determination of gelatinization of starch
was evaluated. The method, which used a built-in"
internal standard approach, had a total coefficient of variation of 99.87%. The diffractometry
method also correlated well with a standard chemical method. Both procedures showed that critical
moisture contents of 45-47% for maize and 55% for
pea were necessary for complete gelatinization of
these starches. Results from SEM ran parallel to
the chemical and X-ray data, indicating that both
methods measure physical changes taking place during gelatinization.
11

STARCH DEGRADATION IN ENDOSPERMS OF BARLEY AND
WHEAT KERNELS DURING INITIAL STAGES OF GERMINATION
MacGregor AW, Matsuo RR. 1982. Cereal Chemistry
59(3), 210-216. (Grain Res. Lab., Canad. Grain
Commission, Winnipeg, Manitoba, Canada R3C 3G9).
During initial stages of germination, patterns of
starch degradation in kernels of barley and durum
wheat appeared to be similar as assessed by SEM.
Degradation started at the ventral crease edge of
the endosperm-embryo junction and moved along this
junction to the dorsal edge. This suggests that
the site of initial a-amylase synthesis in germinating cereal grains is the embryo and not the
a1eurone 1ayer.

HARDNESS OF PEARL MILLET AND GRAIN SORGHUM.
De Francisco A, Varriano-Marston E, Hoseney RC.
1982. Cereal Chemistry 59(1), 5-8. ((Dept. Grain
Sci. & Ind., Kansas AgrTC. Exp. Station, Kansas
State Univ., Manhattan, KS 66506, U.S.A.).
The hardness of various populations of pearl millet and cultivars of grain sorghum was determined
by particle size analysis after the grains were
milled on attrition and roller mills. Millets grown
in Sudan were, in general, softer than Kansas-grown
ones. However, kernel vitreousness did not parallel
grain hardness as determined by particle size
analysis. Furthermore, tempering either millet or
sorghum before milling shifted the particle distribution to larger sizes compared with those of
nontempered samples.

TEFLON AND NON-TEFLON LINED DIES: EFFECT ON
SPAGHETTI QUALITY.
Donnelly BJ. 1982. Journal of Food Science 47(4),
1055-1058, 1069. (North American Plant Breeaers,
P.O.Box 30, 306 North 2nd St., Berthoud, CO
80 51 3, U. S. A. ) .
Six samples of semolina, milled from durum wheats
of varying quality, were extruded through Teflon
and non-Teflon lined dies. Extruded spaghetti was
evaluated for color and cooking quality. The
effect of cooking time on cooking quality was also
evaluated. Teflon-extruded spaghetti had better
appearance and cooking quality than its non-Teflon-extruded counterpart. Strong gluten, whether
in the Teflon- or non-Teflon-extruded products,
improved cooking quality and tolerance to overcooking. SEM of the outer surface of dry and cooked spaghetti elucidated, in part, the differences
in appearance and cooking quality of the products
extruded through both die forms.

MALT MODIFICATION ASSESSED BY HISTOCHEMISTRY,
LIGHT MICROSCOPY, AND TRANSMISSION AND SCANNING
ELECTRON MICROSCOPY.
Fretzdorff B, Pomeranz Y, Bechtel DB. 1982 .
Journal of Food Science 47(3), 786-791. (U.S.
Grain Marketinq Res. Lab~ SEA-AR, USDA, Manhattan, KS 66502, -U.S.A.).
Modification in a kilned malt sample was studied
by a combination of histochemistry, LM, TEM, and
SEM. Hydrolysis of cell walls, proteins, and
starch was most extensive in the starchy endosperm
area adjacent to the scutellar epithelium. Some
hydrolysis occurred in areas adjacent to the
aleurone layers; hydrolysis decreased as distance
increased from the embryo end to the distal end
and from the aleurone layer to the center of the
starchy endosperm. While no rigid sequence of
hydrolysis was observed, generally, cell-wall
hydrolysis was more extensive than protein hydrolysis, and starch hydrolysis seemed to take place
gradually in the late stages of malting and kilning. Small starch granules were hydrolyzed more
extensively than large granules.

USE OF MICROSCOPY IN THE STUDY OF VEGETABLE
PROTEIN TEXTURIZATION.
Kazemzadeh M, Aguilera JM, Rhee KC. 1982. Food
Technology 36(4), 111, 112, 114-118. (Food Protein
Res. & Dev. Center, Texas A & M Univ., College
Station, TX 77843, U.S.A.).
A review with numerous references and SEM, TEM,
and LM micrographs of texturized soy products.
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proteins. Cookie diameter was negatively correlated to alkaline water retention capacity of the
blends of wheat flour with bean flour (r = -0.90 )
and protein concentrates (r = -0.93).

PHYSICAL AND CHEMICAL CHARACTERISTICS OF EXTRUDED
RICE FLOUR AND RICE FLOUR FORTIFIED WITH SOYBEAN
PROTEIN ISOLATE.
Noguchi A, Kugimiya W, Haque Z, Saio K. 1981.
Journal of Food Science 47(1), 240-245. (Nat.
Food Res. Inst., 2-1-2 Kannondai, Yatabe, Tsukuba,
Ibaraki, Japan 305).
Texturized products were produced from rice flour
and rice flour fortified with soy protein isolate
(SPI) by extrusion cooking. Water absorption capacity (WA) of the extrudates was slightly depressed in the presence of SPI. SEM revealed that
the fine structure of the textured products differed subtly from each other and that SPI formed
fine strings in the starch matrix. Solubility
tests indicated that thermoplastic extrusion processing increased noncovalent interaction and
55-bonding resulting in decreased protein solubility. 75 subunit of the soy protein seemed to
be more affected than the llS subunit. Insolubilization was significantly less when rice flour
and SPI were processed simultaneously indicating
a sparing effect in their mutual presence.

EFFECT OF HEATING TIME OF SOYBEAN ON VITAMIN B-6
AND FOLACIN RETENTION, TRYPSIN INHIBITOR ACTIVITY,
AND MICROSTRUCTURE CHANGES.
Soetrisno U, Holmes ZA, Miller LT. 1982. Journal
of Food Science 47(2), 530-534, 537. (Dept. Foods
& Nutr., Oregon state Univ., Corvallis, OR 97331,
U.S.A.).
Heating treatments of boi 1i ng 20 min or autocl aving 5, 10, or 20 min, of soaked (25°C for 10 h)
soybeans, significantly influenced vitamin B-6,
free folacin, trypsin inhibitor activity, water absorption, moisture content, and blue, green, and
amber color values in the cooked soybeans. Analysis
of covariance showed a relationship (P ~ 0.05) between water absorption after cooking with total
folacin in cooked soybeans and water absorption
after cooking with blue color values. Other relationships (P ~ 0.05) were observed in cooked soybeans between texture and total folacin, moisture
and trypsin inhibitor activity, and trypsin inhibitor activity and free folacin.

ULTRASTRUCTURAL ANALYSIS OF A SOYBEAN PROTEIN
ISOLATE.
Dieckert JW, Dieckert MC. 1982. Journal of Food
Science 47(4), 1291-1293. (Dept. Plant Sci.,
Texas A ~M Univ., College Station, TX 77843,
U.S. A.).
Various fixation techniques were employed in an
effort to prepare a dry protein isolate from soybeans for analysis using transmission electron
microscopy. A number of fixation schemes proved
successful, and different properties of the material were brought out by the various treatments.
Comparison of electron micrographs of the isolate
fixed and extracted in different ways yielded an
effective means for determininq the distribution
of fat and protein in the sample and the effect
of moisture on that distribution. Analysis of the
isolate demonstrated the occluding effect of dry
protein for fat located in walls of the protein
she 11 s of the i so 1ate .

EFFECT OF LYE PEELING CONDITIONS ON SWEET POTATO
TISSUE.
Walter WM Jr., Schadel WE. 1982. Journal of Food
Science 47 ( 3), 813-817. (USDA-SEA-ARS, Southern
Reg., Raleigh, NC 27650, U.S.A.).
Heat penetration effects on sweet potato tissue
resulting from 3 lye peeling treatments were
evaluated using LM and SEM. Heat-mediated starch
qelatinization, cell wall separation, chromoplast
disruption, and enzymatic discoloration were ob:
served in varying degrees according to the peel1ng
treatment. Starch gelatinization, cell wall separation, and chromoplast disruption decreased in
the order: 15-min peel; 30-min pre-soak (water 78830C) followed by a 6-min peel; 6-min peel. Discoloration occurred in siqnificant amounts only
in the 6-min peel because . heat penetration was
sufficient to disrupt lacticifer organization but
was insufficient to inactivate the polyphenol
oxidase enzyme. The 30-min pre-soak, 6-min peel
treatment provided the most attractive finished
product.

FUNCTIONAL PROPERTIES OF THE GREAT NORTHERN BEAN
(PHASEOLUS VULGARIS L.) PROTEINS. AMINO ACID COMPOSITION, IN VITRO DIGESTIBILITY, AND APPLICATION
TO COOKIES.
Sathe SK, Iyer V, Salunkhe DK. 1982. Journal of
Food Science 47(1), 8-11, 15. (Dept. Nutr. & Food
Sciences, Uta~State Univ., Logan, UT 84322,
U.S. A.).
The Great Northern bean flour proteins, albumins,
and protein isolates were characterized by high
acidic amino acid content while globulins and
protein concentrates had high proportion of hydrophobic amino acids. Sulfur-containing amino acids
and leucine were first and second limiting amino
acids in these proteins, respectively. The bean
proteins were resistant to in vitro enzymatic
attack. Heating improved in vitro susceptibility
of these bean proteins to enzymatic hydrolysis.
Moist heat was more effective than dry heat in
improving in vitro digestibility of the bean

EFFECT OF pH ON EXTRACTABILITY OF CALCIUM AND
OXALATE FROM ALFALFA LEAFLETS.
Ward G, Harbers LH. 1982. Journal of Dairy Science
65(1), 154-160. (Dept. Animal Sci. & Ind., Kansas
State Univ., Manhattan, KS 66506, U.S.A.).
Alfalfa leaflets (structure in alfalfa with the
highest Ca and oxalate concentrations) were
ground and passed through a 0.7 mm screen. The
ground material was extracted with 0.06 to l.OON
HCl by boiling for 20 min. The residues were
washed, dried, and ashed in a low-temperature
oxygen plasma asher. Ash was examined in wet
mount by LM (normal and polarized light). Dried
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ash was coated with 10 nm C and examined for
elemental maps (Ca, P, Si) and for relative element profiles. The specimens were subsequently
coated with 15 nm Au-Pd and examined by SEM. Apparently, Ca oxalate was not soluble under the
conditions prevailing in the bovine digestive
tract (20-33% of Ca in alfalfa is in the form of
oxalate).

increase in loose bulk density and decrease in
compressibility were noticeable at 0.1 % concentration in all four agents. The effect reached an
apparent peak or a flat maximum at an agent concentration of about 0.5-1.0%. With the exception
of silicon oxide-treated powders, increase in
density was accompanied by a corresponding decrease in compressibility. Bulk parameters (i.e.
density and compressibility) were more sensitive
indices to changes occurring in powders as compared to parameters determined in compacted specimens (i.e. yield in shear, internal friction,
and relaxation patterns). Results are explained in
terms of possible bed arrays and their scatter by
differences in particle size and shape distribution. Support for these explanations is presented
in SEM micrographs of sugar treated and untreated
particles.

MICROANALYTICAL QUALITY OF TOMATO PRODUCTS: JUICE,
PASTE, PUREE, SAUCE AND SOUP.
Cichowicz SM, Gecan JS, Atkinson JC, Kvenberg JE.
1982. Journal of Food Protection 45(7), 627-631.
(Div. Microbial., Food and Drug Admin., Washington, DC 20204, U.S.A.).
A national retail market survey was conducted to
determine the sanitary quality of the
tomato products. The official methods of the
Association of Official Analytical Chemists were
used to count molds, rot fragments, fly eggs, and
maggots. The most frequently encountered defect
was mold decomposition. Howard mold counts for all
products ranged from 0 to 57%. Mold count means
ranged from 2.0 to 9.4%. The percent of samples
containing mold ranged from 55.4% for tomato soup
to 98.9% for tomato paste. Rot fragment counts
ranged from 0 to 560/g, fly egg counts ranged from
0 to 5 and maggot counts ranged from 0 to 2/100 gsample.

WATER-HOLDING CAPACITY AND TEXTURAL ACCEPTABILITY
OF PRECOOKED, FROZEN, WHOLE-EGG OMELETS.
0 Brien SW, Baker RC, Hood LF, LiboffM. 1982.
Journal of Food Science 47(2), 412-417. (Dept.
Poultr.y Sci., Cornell Un""lV., Ithaca, NY 14853,
U.S. A.).
Precooked, frozen omelets were analyzed for
moisture loss, expressible moisture, shear force,
and sensory evaluation to determine water-holding
capacity and textural acceptability. Addition of
0.1 % xanthan gum, application of moist heat in
cooking, and cryogenic freezing with liquid carbon
dioxide or nitrogen minimized moisture loss and
shear force. Sodium carboxymethylcellulose (CMC),
pregelatinized tapioca starch, and sodium tripolyphosphate additives performed satisfactorily, but
omelets containing xanthan gum were consistently
rated highest in sensory evaluation of several
treatments, including fresh and untreated control
omelets. Steaming omelets for 5 min combined with
cryogenic freezing produced a desirable omelet,
requiring no additives. Steamed omelets were
rated comparable to baked omelets in most sensory
parameters.
1

DEHYDRATED MAPLE SYRUP.
Rees FM. 1982. Journal of Food Science 47(3),
1023-1024, 1026. (Maple Consultant, 65 Ferguson
Ave., Burlington, VT 05401, U.S.A.).
Selected grades of maple syrup (34% moisture) were
dehydrated by 2 dissimilar methods. Differences in
color and flavor of reconstituted dried products
and the maple syrups from which they were derived
were minimal . Moisture content, bulk density,
hygroscopicity, and ease of reconstitution of the
dehydrated products showed minimal divergence
from corresponding values for the table sugar
used as a standard. Microscopic examination showed
very different structures for table sugar and
each of the two dehydrated products. This study
of some important physical characteristics indicates that either of the dehydrated products
would provide the maple industry with a new and
useful product. The lower moisture content,
greater weight per unit volume, and method of
continuous manufacture make the patent product
preferable.

A STATISTICAL EVALUATION OF HISTOLOGICAL CHANGES
CAUSED BY NONMEAT PROTEH!S IN WIENER BAITERS.
Kempton AG, Polonenko DR, Bissonnette J, Quinn J.
1982. Canadian Institute of Food Science and
Technology Journal 15(2), 85-91. (Dept. Biol.,
Univ. WaterloG, Waterloo, Ont., Canada N2L 3Gl ).
Histological studies are usually illustrated with
representative fields. Studies with uncooked
wiener batters containing substantial amounts of
nonmeat protein showed that the nonmeat protein
prevented the formation of the typical fat and
protein matrix that is characteristic of all-meat
mixtures, but only in some microscopic fields of
some slices. The two-within-four randomization
test was used in conjunction with an appropriate
sampling plan to determine the percentage of
slices in which the ingredients were Clumped
rather than distributed randomly across a microscopic field. This converts histological results
to a numerical score by which various formulations
can be compared.
11

EFFECT OF FOUR ANTICAKING AGENTS ON THE BULK
CHARACTERISTICS OF GROUND SUGAR.
Hol1enbach AM, Peleg M, Rufner R. 1982. Journal
of Food Science ~(2), 538-544. (Dept. Food Eng.,
Massachusetts Agric. Exp. Station, Univ . Mass.,
Amherts, MA 01003, U.S.A.).
Fine silicon oxide, sodium aluminum silicate, tricalcium phosphate, and calcium stearate powders
were admixed with dry ground sugar at four concentration levels between 0.1 and 2%. Appreciable
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changes. During chopping, muscle fibers were reduced in size but some remained intact; lipid
droplets were reduced in size with only a portion
of them being surrounded by a protein interface
and collagen fibers were somewhat dispersed but
were otherwise unaltered. More observable changes
occurred ruing cooking than during chopping. At
the end of cooking (90 min) collagen fibrils had
lost their banding pattern; some lipid droplets
retained their protein interface and myofilaments
changed from a fibrous to granular appearance.

CALCIUM ACTIVATED NEUTRAL PROTEASE HYDROLYZES
Z-DISC ACTIN.
Nagainis P, Wolfe FH. 1982. Journal of Food
Science 47(4), 1358-1364. (Dept. Food Sci., Univ.
Alberta,-rdmonton, Alberta, Canada T6G 2P5).
Fractionation of myofibril proteins using Hasselebach-Schneider solution (H-S) and a potassium
iodide solution (KI) revealed that an unusual form
of actin existed in the H-S and KI extracted myofibrils which could be easily hydrolyzed by calcium-activated neutral protease (CANP). That actin was similar in amino acid composition to
normal thin-filament actin but differed in isoelectric pH, solubility in KI, and antigenicity in
mice. Indirect immunofluorescence using antiserum
prepared against the unusual actin established
that the actin resides in the Z-disc. The hydrolysis of actin in the Z-disc by CANP may explain
the dissolution of the Z-disc, considered responsible for the tenderization of meat during postmortem aging.

THE PREPARATION AND ASSESSMENT OF SPUN FIBRES
FROM FISH PROTEINS USING A WET SPINNING PROCESS.
Mackie IM, Thomson BW. 1982. Journal of Food
Technology 17(4), 483-498. (Torry Res. Station,
135 Abbey Rd[, Aberdeen AB9 8DG, Scotland, U.K.).
A process is described for preparing spun protein
fibres from fish muscle proteins using as raw
materials filleting waste of cod (GadLL6 moJthu.a)
and who 1e b1ue whiting (Mic.Jtome-6-Wuu..o pou.taol.lou.) .
The flesh from these species was extracted with
alkali at 0°C and the proteins, after isolation
by isoelectric precipitation, were redissolved in
alkali to give the spinning solution. The fibres
were obtained by extrusion into an acetate precipitation bath and were analysed chemically and
assessed by taste panels. The data obtained are
discussed in relation to the potential application of this process as one way of upgrading fish
waste and under-utilised species. The fibres were
also examined by SEM.

FURTHER STUDIES ON THE ROLES OF THE HEAD AND TAIL
REGIONS OF THE MYOSIN MOLECULE IN HEAT-INDUCED
GELATION.
Ishioroshi M, Samejima K, Yasui T.1981. Journal
of Food Science 47(1), ll4-120, 124. (Dept. Animal
Sci., Fac. Agric~ Hokkaido Univ., Sapporo, Japan)
Heat-induced gelation properties of 2 proteolytic
fragments of myosin, heavy (HMM) and light meromyosin (LMM), were studied by rigidity measurement
in a band type viscometer and by a direct examination using a scanning electron microscope. A heatinduced network-forming ability for both LMM and
HMM was found in 0.6 M KCl at a pH 6.0. LMM produced gels corresponding to a reversible helixcoil transition at temperatures ranging from 40
to 70°C, with little evidence of aggregation as
assessed from a turbidity change of the system.
Contrary, HMM associated irreversibly producing a
gel with increased rigidity at pH 5.0 and a salt
concentration of 0.1 M. Oxidation of SH-groups
appeared to be involved only in HMM and not in
LMM gelation processes.

DARSTELLUNG VON MIKROORGANISMEN UNO DEREN KOLONIEN
MIT OEM RASTERELEKTRONENMIKROSKOP. [Scanning electron microscopy of microorganisms and their
colonies].
Katsaras K, Wiegner J. 1982. Fleischwirtschaft ~.
341-345. (Inst. Mikrobiol ., Toxikol.& Histol.,
Bundesanstalt f. Fleischforschung, E.-C.-BaumannStr. 20, D-8650 Kulmbach, Fed. Rep. of Germany).
Bacterial colonies were grown on the WUrze'' type
of Millipore membrane filter, fixed in Karnovsky
solution, postfixed with Oso 4 , dehydrated in a
graded ethanol series, and critical-point dried.
This procedure was successful in most cases, but
occasional artefacts caused by cracking of the
colonies were observed.
11

ULTRASTRUCTURAL CHANGES DURING CHOPPING AND COOKING OF A FRANKFURTER BATTER.
Swasdee RL, Terrell RN, Dutson TR, Lewis RE. 1982.
Journal of Food Science 47(3), 1011-1013. (Meats
and Muscle Biol. Sect., Dept. Animal Sci., Texas
Agric. Exp. Station, Texas A & M Univ., College
Station, TX 77843, U.S.A.).
Frankfurters were made in a nonvacuum bowl choppe~
Batter samples were taken after 2, 6, 9, 12, and 15
min of chopping and after 30, 60, and 90 min of
cooking. Both raw and cooked batter samples were
fixed in solutions of glutaraldehyde, paraformaldehyde, and Oso 4, and then embedded in Spurr's
law-viscosity res1n. Light microscopy (Toluidine
Blue-stained sections) was used to identify the
location, appearance, and structures of major
components; electron microscopy (Pb-citrate-stained sections) was used to determine ultrastructural

EFFECT OF WATER IMMERSION ON THE MICROTOPOGRAPHY
OF THE SKIN OF CHICKEN CARCASSES.
Thomas CJ, McMeekin TA. 1982. Journal of the Science of Food and Agriculture 33, 549-554. (Dept.
Agric. Sci., Univ. Tasmania, GPO Box 252C, Hobart,
Tasmania 7001, Australia).
Water-immersion cleaning and chilling of poultry
carcasses caused the skin to swell and exposed
deep channels and crevices in the skin surface as
a result of water uptake. These changes were demonstrated by EM and were shown to be dependent on
the time of immersion and the temperature of the
water. Addition of NaCl to the immersion medium
and manipulation of the medium pH did not markedly
affect or prevent these changes. The implications
of these changes for microbial contamination during water-immersion chilling are discussed.
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THE ULTRASTRUCTURE OF GERMINATING BARLEY SEEDS.
I. CHANGES IN THE SCUTELLUM AND THE ALEURONE
LAYER IN NORDAL BARLEY.
Gram NH. 1982. Carlsberg Research Communications
47, 143-162. (Dept. Physiol., Carlsberg Lab.,
Gamle Carlsberg Vej 10, DK-2500 Copenhagen Valby,
Denmark).
The ultrastructure of the scutellum and the aleurone layer has been examined in Nordal barley following malting for 0, 30, 72, and 162.h at ~5 C.
Thick sections from the seeds were sta1ned w1th
Calcofluor White M2R New and examined in the ~M
to determine the extent of cell wall ?egrada~1on
in the endosperm. Seeds which showed 1n the lncident UV-light a modification closest to the
average, were selected for.TEM. It.is concluded
that the scutellar epithel1um prov1des the en-·
zymes during the initial degradation of the endosperm. In seeds malted f~r 1~2 h! a~eur~ne cells
with a cytoplasmic organ1zat1on 1nd1cat1ve of active metabolism are located in the embryo part of
the seed, whereas aleurone cells adjacent to unmodified endosperm in the distal en? of the s~m~
seed show little or no structural s1gn of act1v1ty.
THE ULTRASTRUCTURE OF GERMINATING BARLEY SEEDS.
I. BREAKDOWN OF STARCH GRANULES AND CELL WALLS
OF THE ENDOSPERM IN THREE BARLEY VARIETIES.
Gram NH. 1982. Carlsberg Research Communications
47, 173-185. (Dept. Physiol., Carlsberg Lab.,
Gamle Carlsberg Vej 10, DK-2500 Copenhagen Valby,
Denmark).
The breakdown during malting of starch granules
and cell walls of the endosperm, as well as the
morphological changes occurring in the scutellum
and the aleurone layer, have been examined by thinsectioning and freeze-fracturing in the barley
varieties Nordal, Minerva, and Klages. Intact
starchy endosperm cells contain large and small
starch granules embedded in a matrix. In most
cases the fracture plane exposes the smooth surface of the starch granules and occasionally adhering material, which probably consists of remnants of the amyloplast envelope. Degradation of
the endosperm tissue during malting starts at the
embryo end, and the transitional zone between intact and degraded endosperm is approx. one cell
layer wide. The degradation of the large starch
granules affects at the beginning only their outer
edge. Subsequently, corroding channels form toward
the center of the granules and elicit a rapid
breakdown of the central part. Further degradation
proceeds from the center giving rise to hollow
shells, which finally break up into pieces. It is
concluded that the susceptibility to enzyme attack
increases towards the center of the large starch
granules of the barley endosperm. The saw-toothed
pattern observed in the corroding channels indicates, in agreement with earlier studies, that the
enzyme susceptibility varies periodically in a
radial direction. The 3 barley varieties examined
differed in malting quality, but the differences
were not reflected qualitatively in the ultrastructure of the scutellum, aleurone layer, or the
endosperm during malting.

EFFECT OF MONOGLYCERIDE ON SOME REHYDRATING
PROPERTIES OF POTATO GRANULES.
Hoover R, Hadziyev D. 1982. Starch/Starke 34(5),
152-158. (Food Sci. Dept., Univ. Alberta, Edmonton, Alberta, Canada T6G 2P5).
Monoglyceride incorporation in an Add-Back (A-B)
or Freeze-Thaw (F-T) process decreases the potato
~ranules' Blue Value Index (BVI), S~el~ing Power
(SP), rehydration rate, and Wa~er-B1nd1ng Capacity (WBC), and increases the 1ntact sound cell
count. With 0.2% monoglyceride, SP, WBC, and rehydration rate of A-B granules were 8.4, 6.7, and
6.4%, resp., lower than F-T granules, while the
BVI of A-B granules was 25.3% higher .. M?noglyceride increase above 0.2% caused negl1g1ble
changes. The intact sound cell count was higher
when a precooking step was applied. The porous
F-T and compact A-B granule structures partially
accounted for differing water penetration rates.
X-ray analysis revealed a weak monoglyceridestarch interaction during processing.
COMPARISON OF THE CRYSTALLINITIES OF WHEAT
STARCHES WITH DIFFERENT SWELLING CAPACITIES.
Wong RBK, Lelievre J. 1982. Starch/Starke 34(5),
159-161. (Dept. Food Technol ., Massey University,
Palmerston North, New Zealand).
A comparison has been made of the degree of crystallinity in a number of varieties of wheat starch
with different swelling capacities. High swelling
capacities are associated with relatively disordered arrangements of polymer within granules.
Work on fractionated starches confirms the small
granules tend to be more crystalline than large
granules. However, small granules of wheat starch
have greater swelling capacities than large granules under the conditions of paste formation. This
may be because the small starch particles contain
less lipid than the large granules. Although differences in crystallinity have been recorded between different wheat varieties, it is stressed
that they may not be primarily responsible for the
observed differences in swelling.
CHARACTERIZATION OF STARCH FROM GINGER ROOT
(ZINGIBER OFFICINALE).
Reyes FGR, d'Appolonia BL, Ciacco CF, Montgomery
MW. 1982 Starch/Starke 34(2), 40-44. (Fac. Eng.
Aliment. Agricol., UNICAMP, C.P. 6121, 13100,
Campinas, Brazil).
Starch was isolated from ginger root in 12.3%
yield. The starch that contained 22.2% amylose
had a density of 1.517 g/cm3 and an A type x-ray
diffraction pattern. Solubility studies revealed
low swelling power and solubility in water, and
reduced solubility in dimethylsulfoxide (DMSO) and
in KOH, suggesting homogeneous and strong bonding
forces maintaining the granular matrix. Information from the Brabender amylograph indicated a
relatively high initial pasting temperature (80°C)
and resistance to mechanical shear upon gelatinization, resembling starches modified by cross1inking. For LM, starch granules were suspended in
water, a 2% KI solution, and anhydrous DMSO.
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Literature Abstracts
LOCATION OF as 1- , B- AND K-CASEIN IN ARTIFICIAL
CASEIN MICELLES.
Schmidt DG, Both P. 1982. Milchwissenschaft 37(6),
336- 337. (Netherlands Institute for Dairy Research
Ede, The Netherlands).
Artificial casein micelles were prepared from mixtures of as1-· B-, and K-casein, in which one of
these components had been labelled with small gold
beads; 250 mg protein to be labelled was dissolved
in 7 mL water and heated to 100°C; a solution
(5.25 mL) containing 1.0 g ascorbic acid, 1.5 g
NaOH, and 75 mg KCl/100 mL was added and the mixture was heated again. Then 5.25 mL of a solution
containing 1.0 g HAuCl4/lOO mL was slowly added
with vigorous stirring, after which the solution
was cooled to room temperature, adjusted to pH 9
with 0.5 N HCl, and dialyzed against distilled
water for 16 h. Labelled artificial micelles were
immobilized in agar gel microcapsules, fixed with
1% Os04 for 16 h, embedded in a resin, sectioned
(50 nm}, and exam i ned by EM without additional
staining. It was demonstrated that K-casein was
locate? at the micellar surface, whereas a s 1- and
B-case1n were scattered over the entire micelle.

RONTGENOGRAPHISCHE UND KERNRESONANZUNTERSUCHUNGEN
EINIGER STRUKTURFRAGEN AN ST~RKE . (X - Ray and
nuclear magnetic resonance investigations on some
structure problems of starch).
Schwier I, Lechert H. 198 2. Starch/Starke 34(1),
11-16. (Inst. Phys . Chern., Univ . Hamburg, laufgraben 24, D- 2000 Hamburg 13, Fed. Rep. of Germany)
For NMR-spectroscopical investigations on the
structure of starch it is important to know the
exact location of the water molecules in the
granule . By means of D-resonance it could be observed that blocking of the helices of potato
starch by iodine had no influence on the structure
of the water. By defined methods of degradation of
potato starch it could furthermore be observed
that the chain length of the amylose molecules
does not influence the structure of the water
from which it was concluded that the water in
starch is adsorbed interhelically and not intrahelically . This result is in good agreement with
the actual state of knowledge of the structure of
the helix of which the inner surface is regarded
as hydrophobic and the outer surface is regarded
as hydrophilic.

SCANNING ELECTRON MICROSCOPY OF ENZYME DIGESTED
VARAGU STARCH GRANULES.
Paramahans SV, Tharanathan RN. l982. Starch/ Starke
34(3), 73-76 . (Di scipline of Biochem. Applied Nut~.
Central Food Technol . Res . Inst . , Mysore 570 013,
India) .
Amylolytic susceptibility of native varagu starch
granules was followed chemically and microscopically. SEM revealed that the attack by salivary
a-amylase resulted in a gradual erosion of the
surface followed by granule penetration at certain
locations. Attack by glucoamylase, on the other
hand, was more uniform and resulted in pitting
and formation of depressions all over the surface.
KRITISCHE UNTERSUCHUNGEN UBER BILDUNG UNO ENTWICKLUNG DER TRITICEEN-STARKEKORNER. [Critical
examination of the development of T~ceae
starch grains] .
Czaja ATh. 1982. Starch/Starke 34(4), 109-111 .
(Bot. Inst . , Tech. University Aachen, 0-5100
Aachen, Federal Republic of Germany) .
At the right time when the first anthers appea r
at the top of the ears, large quantities of pointed starch grains are seen in the young ovary. The
diameters of the small starch grains were measured
there until the milky maturity stage was reached.
In this way the identity and the growth of the
small starch grains had been confirmed. After
several days, when the diameters of the small
starch grains reached 4 to 6 wm, the second stage
of development began. The starch grains were
progressively surrounded with a structure which
resembled two lips with a furrow between them.
When the two lips surrounded the 11 nucleus 11 , the
thickness and the diameter of the granule continued to increase in such a way that the furrow
became shallower and was present in the mature
biconvex structure only as a shallow score.
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EPOXY RESINS ARE MUTAGENIC: IMPLICATIONS FOR
ELECTRON MICROSCOPISTS.
Ringo DL, Brennan EF, Cota- Robles EH. 1982.
Journal of Ultrastructure Research 80, 280-287.
(Biol. Board of Studies, Applied Sciences Bldg.,
University of ~alifornia, Santa Cruz, CA 95064,
U.S .A. ).
Epoxides, as highly reactive alkylating agents,
must be suspect as mutagens. Using the Salmonella
bacterial test system (the Ames test), we have
confirmed the mutagenicity of 13 epoxy resins
used as tissue- embedding agents in TEM: Quetol
651, DER 732, DER 736, vinyl cyclohexene dioxide
(ERL 4206), diglycidyl ether, Epon 812, Epon 828,
Polybed 812, Effapoxy, and Araldite RD-2, 502,
506, and 6005. While of this group only vinyl
cyclohexene dioxide is a documented animal carcinogen, the other resins have levels of mutagenicity
in the same range as known epoxide carcinogens;
some may be weak carcinogens which have escaped
detection in animal tests. We conclude that epoxy
resins should be labeled and handled as mutagens
and suspect carcinogens. We discuss some factors
affecting possible hazards to laboratory workers,
and present a protocol for minimizing inhalation
and skin contact during resin use. (Copyright
1982 by Academic Press, Inc., 0006-2944/82/05014413$02 00/0).

REVIEWING PROCEDURE
~D

DISCUSSION WITH REVIEWERS
Each paper in this volume contains a Discussion with Reviewers.
This
discussion follows the text and should be read with the paper.
Each paper
submitted to SEM, Inc. for publication is reviewed by at least three, up to an
average of five, reviewers. The reviewers are asked to separate their comments
from their questions. The comments are useful in determining the acceptability
of the papers as submitted. Although the comments require no written response,
in several cases, the authors have included responses to comments, or to questions phrased from, or based on, comments (either as a result of editorial
suggestions or on the author's own initiative).
Based on these comments approximately 15% of the submitted papers were not accepted for publication; while
almost all of the others were asked to make changes involving from minor to
major revisions.
The questions, for the most part, originate as a result of statements
included in our cover letter accompanying each paper sent to the reviewers. The
reviewers are asked to suppose they are attendees at a conference where this
paper, as written , is being presented, and then ask relevant questions which
would occur to them resulting from the presentation.
From the questions so
asked, some are not included with the published paper because the authors
attended to them by text revisions.
In some cases, editorial and/or space
considerations may exclude inclusion of all questions asked by reviewers.
The
authors are asked to prepare their Discussion with Reviewers section in a
camera-ready format.
In some instances the authors edit the questions and/or
combine several similar questions from different reviewers to provide one answer .
While all efforts are made to check that the questions in the printed version
faithfully follow the views of the specific reviewer, the editors apologize, if
in some instances, the actual meaning and/or emphasis may have been changed by
the author.
The cover letter to the reviewers states:
"1.
Your name will be conveyed to the author with your review UNLESS YOU
ASK US NOT TO .
2 . The que stions published in the Journal will be identified as originating from you UNLESS YOU ADVISE OTHERWISE ... "
In all cases sincere efforts are made to respect the reviewer's wishes to
r e main anonymous; however, in nearly 95 % of the cases, the reviewers have given
permission to be identified ; so their names are conveyed to the authors and are
included with the questions printed with each paper. An overall list of reviewers is provided in the opening pages of each SEM part. We apologize for any
error/omissions which may occur.
Finally, readers are urged to be cautious regarding the weight they attach
to the authors' replies, since the answers to the questions represent the authors' unchallenged views--except for minor editorial changes--the authors
generally have the last word. Also, please consider that the questions were, in
most cases, relevant to the originally submitted paper, and they may not have
the same significance for the revised paper published in this volume.
If you disagree with the results, conclusions or approaches in a paper,
please send your comments, as a Letter to Editor, typed in a column format (each
column is 4-1/8 inches wide and 11-1/2 inches long; i.e., 10.5 by 29.3 em.).
Your comments along with author's response will be published in a subsequent
issue.
The editors g ratefully thank the authors and reviewers (see p. 248-249) for
their contributions, invite your comments on ways to improve this procedure and
seek qualified volunteers to assist with reviewing papers in the future.
ERRATA:
Despite the best efforts of authors, reviewers and editors, errors
may remaln.
Please help by pointing out errors that you notice.
Please provide
enough information to locate each error (volume, page, column, line, etc.) and
indicate suitable correction .
The Editors
Food Microstructure
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CALL FOR REVIEWERS
The contribution of reviewers to the quality of this publication and our
mee t ings is tremendous.
We find suitable reviewers from the suggestions we receive
fron the authors, our advisors, and from our past contacts. We will welcome your
sug gesting your own name or others' names (along with full mailing address) as
rev .:. ewers.
Important Note: The time restrictions we work under require that
each reviewer returns his review (along with the manuscript sent)
within a set time from its receipt.
Plea~e do ~ot ~ommit youn~el6

i6 you 6eel that you ~a~~ot ne~po~d within thi~ time 6name; while
we ane gnate6ul 6on youn de~ine a~d e66ont~ to help u~, the
neviewen~ who do ~ot ne~po~d i~ time, i~ 6a~t, ~eniou~ly hampen
oun e66ont~.
CON ~ ACT:

Om Johari, SEM Inc., P.O. Box 66507, AMF O'Hare, IL 60666, USA
Phone:
312-529-6677.
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SCANNING ELECTRON MICROSCOPY,
This not-for-profit organization was established with the
following goals: a. Promotion of advancement of science of
SEM and related material characterization techniques;
b. Promotion of application of these techniques in existing
and new areas of applications; c. Promotion of these techniques so that their users obtain the best information of the
highest quality from their instruments.
The efforts of the organization are directed towards fulfillment of these goals. Suggestions on activities which SEM
may sponsor are invited, and may be communicated to any
one of the following persons:
John D. Fairing
President, SEM, Inc.
809 West wood Dr.
Ballwin, MO 63011

314-694-5007

Robert P. Becker Vice President, SEM, Inc.
1S 640 Brook Court
Glen Ellyn, IL 60137

312-996-6791

Secretary- Treasurer & Director of SEM
Meetings
312-529-6677
SEM, Inc., P.O. Box 66507
AMF O'Hare (Chicago), IL 60666
0839-22-6111 X 438
Takashi Makita
Advisor
3-4-203 Kumano-cho
753 Yamaguchi, Japan
Godfried M. Roomans
Advisor
08-340860 X 254/231
Visbyringen 4
S-16373 Spanga, Sweden

Om Johari

1983 MEETINGS SPONSORED BY SEM, Inc.
(i) The annual SEM meeting (called Scanning Electron
Microscopy/1983) will take place during April 17-22, 1983
at Hyatt Regency Hotel, in Dearborn, Michigan. Dearborn
is a historic town just outside Detroit and is home of several
museums (including the famous Henry Ford Museum and
Greenfield Village). Hyatt Hotel is connected by a frequent
and free monorail service with one of the largest indoor
shopping centers (Fairlane Town Center).
SEM 1983 meetings highlights will include a comprehensive equipment exhibition where almost all suppliers of
SEM, related analytical equipment, and other suppliers/
services will be in attendance.
Several tutorials on various basic aspects of SEM of interest to newcomers in scanning electron microscopy will be
planned as a part of the SEM/1983 program.
A general session, several programs of common interest,
and many specialized programs in Physical and Biological
Sciences will be planned. Many of the programs planned for
past SEM meetings will be repeated, several new programs
may be planned. Persons interested in either organizing
specific programs or seeing specific themes covered at
SEM/1983 should contact Dr. Om Johari.
A registration form for SEM/1983 is provided below.

Inc.

(ii) 2nd Pfefferkorn Conference on "The Science of
Biological Specimen Preparation for Microscopy and
Microanalysis."
Immediately following the SEMI 1983 meetings, a special
program on biological specimen preparation will take place
from April 23-28 at the Sugar Loaf mountain resort located
near Traverse City (in the scenic area of northwestern Michigan, about 240 miles from Detroit). The emphasis at this
program will be on The Science of specimen preparation
(and not on recipes and tips). Preparation of specimens for
all types of microscopy (light optical, SEM, TEM, STEM)
and microanalysis (x-ray, LAMMA, etc.) will be covered.
The organizers of this special conference are Prof. J.P.
Revel (Div. Biology, 156-29 Cal Tech, Pasadena, CA 91125;
213-356-4986 as the general chairman); Dr. T. Barnard,
Oslo Univ., Norway (02-456191), Dr. G.H. Haggis,
Agriculture Canada, Ottawa (613-995-3700 x219), and Prof.
T. Murakami, Okayama Univ., Japan (0862-23-7151 x425).
Many invited contributions will be planned. Interested contributors are urged to contact one of the organizers. Attendance at this conference will be by application or invitation
only. Further details are now available.
REGISTRATION FORM FOR SEM/1983
Attendance at all tutorials, sessions and exhibitions will be by
registration only. Registration fees are not refundable and registration will not be transferable.
Fees for Registration including all parts of SEM 1983
Date Payment Received
Registration fee
Up to Jan. 31, 1983
$134.00
After Jan. 31, 1983
$149.00
Special Registration providing meeting privileges and
no SEM/1983 journal parts
above amount less $94.00
above amount less $59.00
any two SEM/1983 journal parts
Student registration: Details available from SEM office.
Daily registration:
Available at door only, $20.00.
SEM 1983 Set only - No meeting privileges. If paid by March
20, 1983. Price for full set is $99.00 (U.S. delivery), $109.00 (elsewhere).
Amount Enclosed $, _ _ _ _ _ _ __
Make Check Payable to: SEM INC.
Mail to: P .0. Box 66507
AMF O'Hare, IL 60666, USA
Please Print or Type, Give Complete Information
Name_ _ _ _ _ _ _ _ _ _ _ _ _ Title,_ _ _ _ _ _ __
Organization _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
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Department _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __
Full Mailing Address _ _ _ _ _ _ _ _ _ _ _ _ _ _ __

City, State and County _ _ _ _ _ _ _ _ _ _ _ _ _ __
Zip/Postal Codes _ _ _ _ _ _ _ _ Phone _ _ _ _ _ __
From outside of the U.S. the exact amount drawn on a U.S.
Bank (check showing magnetic codes) must be remitted . Purchase
orders without payment are not accepted in registration fees.

PAPERS IN PROCESS FOR PUBLICATION IN FUTURE ISSUES OF FOOD MICROSTRUCTURE

Offers of following papers have been received for possible publication in the
future issues of this journal.
Methods to Study the Structure of Lipids in Food Systems
G.G. JEWELL, Cadbury Schweppes Ltd., Univ. Reading, U.K.
Comparison of Two Techniques for Preparation of Fat Crystals for Scanning Electron
Microscopy
A.K. SMITH and S.F. LEE, Univ. Guelph, Ontario, Canada
Structure and Properties of Stabilized Marketable Fat-soluble Vitamin and Carotenoid
Dry Powders. A review.
V.E. COLOMBO, F. Hoffmann-La Roche & Co., Basel, Switzerland
Processing of French Fries as Elucidated by EM Microscopy
D. HADZIYEV, et al., Univ. Alberta, Canada
Ultrastructure Studies of Pasta
P. RESMINI and M.A. PAGANI, Inst. Industrie Agrarie, Milano, Italy
Size Threshold for Sensory Detection of Graininess in Canola Based Products
B.K. VANE and M. VAISEY-GENSER, Univ. Manitoba, Winnipeg, Canada
The Structure of Fresh and Desiccated Coconut
J.F. HEATHCOCK and J.A. CHAPMAN, Cadbury Schweppes Ltd., Univ. Reading, U.K.
Microstructure of Spices and Spice Products - Present Status and Future Scope
J.S. PRUTHI, Krishma Consultants , Ludhiana , India
Morphometry and Stereology of Meat:
Data Collection by Scanning Light Microscopy
H.J. SWATLAND, Univ. Guelph, Ontario, Canada
A Review of the Muscle Cytoskeleton and Its Relation to Texture
D.W. STANLEY, Univ. Guelph, Ontario, Canada
Statistical Evaluation of Histological Changes in Wiener Batters During Chopping
and Cooking
A.G. KEMPTON, Univ. Waterloo, Ontario, Canada
Pre-rigor Pressurization Effects on the Calcium Activated Factor and Other Proteases
from Bovine Muscles
E.A. ELGASIM, Oregon State Univ., Corvallis
Field Spectroscopy in the Food Production Chain
E. BRACH, Agriculture Canada, Ottawa, Canada
Microstructure of Microalgal Health Foods
L.-P. LIN, National Taiwan Univ., Taipei, China
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For more information contact:
Dr. Om Johari
Director, SEM Meetings
P.O. Box 66507
AMF O'Hare, IL 60666 U.S.P.
Phone: (312) 529-6677

FOOD MICROSTRUCTURE will be the subject of a program scheduled for April 20-22, 1983 at the
Hyatt Regency Hotel, in Dearborn, Michigan. This is a continuation of a successful series which was started
in 1979 (see page v, and outside back cover of the first issue, and outside back cover of this issue for an
example of the types of papers suitable for these meetings).
All types of foods, including vegetables, grains, sea foods, meat, dairy products and others will be
covered. Papers on the fundamental aspects of food microstructure such as the molecular and colloidal
forces which determine it, and the practical relationship between food microstructure and processing, ingredient changes, shelf life, consumer acceptability, and other food-related areas are invited. Papers may be in
the form of tutorials, reviews or original contributions (see inside back cover). Techniques may include
transmission electron microscopy, scanning electron microscopy, light microscopy, x-ray microanalysis or
related microscopy! microanalytical methods.

Papers offered for this program will be published in the semi-annual Journal, "FOOD MICROSTRUCTURE". The organizers of the program and the editors of the Journal are Dr. S. H. Cohen, U.S.
Army R&D Command-Food Research Laboratory, Natick, Mass. (Telephone 617-651-4578); Prof. E. A.
Davis, Food Science Department, University of Minnesota, St. Paul (Telephone 612-373-1158); Dr. D. N.
Holcomb, Kraft R&D, Glenview, IL (Telephone 312-998-3724); and Dr. M. Kalab, Food Research Institute, Agriculture Canada, Ottawa (Telephone 613-995-3700 Ext. 272).
The Food Microstructure program in Dearborn will be held in conjunction with the SCANNING
ELECTRON MICROSCOPY /1983 meetings from April 17-22, 1983. Registrants at the Food Microstructure program will be able to attend all of the activities of the SEM meeting at no additional charge. Of particular interest should be: several tutorials, and programs on Analytical Electron Microscopy (including

STEM), Microprobe Surface Analytical Techniques, Particulate Characterization, Plants, and many areas
of physical, biological and biomedical application. A comprehensive equipment exhibition will take place
during April 19-22, 1983. Complete details of SEM meetings are available on request.
The registration fee for this program is $40.00, if paid before Jan. 31, 1983, and $55.00 after that. For
subscription to the journal include an additional $50.00 (for U.S. delivery) and $55.00 for elsewhere.
A Call for Papers, Registration Form, details of travel support and Hotel information are available on
request. For more information on this program and the Journal, "Food Microstructure" contact Dr. Om
Johari or one of the organizers.
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